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INTEGRATED SEAWATER SAMPLER AND DATA
ACQUISITION SYSTEM PROTOTYPE:
FINAL REPORT

by

H.O. Berteaux, C. Eck, J. Irish, W. Jenkins, S. Kery
Woods Hole Oceanographic Institution

and

C. Albro and S. McDowell
Battelle Memorial Institute

ABSTRACT

This report documents the work performed by the Woods Hole Oceanographic
Institution (WHOI) and the Battelle Memorial Institute from August 1988 to
December 1992 in the NSF sponsored development of an Integrated Seawater
Sampler and Data Acquisition Prototype. After a 6-month initial design study,
a prototype underwater profiling unit was designed and constructed, containing
the water acquisition subsystem, CTD and altimeter, control circuitry and
batteries. A standard WHOI CTD was adapted for use in the underwater unit and
was interfaced to the underwater controller which had a telemetry module
connecting it with a deck control unit. This enabled CTD data to be logged in
normal fashion on shipboard while additional commands and diagnostics were
sent over the telemetry link to command the underwater unit's water sampling
process and receive diagnostic information on system performance.

-The water sampling subsystem consisted of 36 trays, each containing a
plastic sample bag, the pump and control circuitry. The sample bags, initially
sealed in a chemically clean environment, were opened by pumping the water out
of the tray, thus forcing water into the bag by ambient pressure. The command
system could select any bag, and control the water sampling process from the
surface with diagnostic information on system altitude, depth, orientation and
cable tension displayed in real time for operator information.

At sea tests confirmed the operation of the electrical and control
system. Problems were encountered with the bags and seals which were
partially solved by further post cruise efforts. However, the bag closing
mechanism requires further development, and numerous small system improvements
identified during the cruises need to be implemented to produce an operational
water sampler. Finally, initial design for a water sampler handling and
storage unit and water extraction system were developed but not implemented.
The detailed discussion of the prototype water sampler design, testing and
evaluation, and new bag testing results are presented.




INTRODUCTION

Scientific Background

Back in the days of the METEOR Atlantic Expedition (1925 to 1927) and
the International Geophysical Year (IGY) survey of the Atlantic (1957 to
1959), hydrographic investigations were conducted using discrete, small-volume
water samplers and reversing thermometers. Temperature, salinity, and
pressure measurements typically were obtained from a limited number (say 10 to
25) of "standard" levels at each station. Vertical resolution was poor
because the weight of the sampling bottles limited the number of sample levels
that could be obtained from a single cast, and multiple casts meant longer
station times and horizontal sampling errors due to ship drift.

Chemical oceanography during the early hydrographic investigations
generally was limited to analyses of dissolved oxygen, pH, and selected
nutrients; all of these analyses were conducted using samples drawn from the
same bottles used for the physical measurements. Thus, the early chemical and
physical oceanographers were mutually compatible, at least in terms of
sampling operations. This compatibility was lost in the early 1960°'s,
however, with the introduction of the STD and CTD in situ profiling systems.
Physical oceanographers could now obtain data on vertical scales of
centimeters, and only a limited number of small-volume water samples were
required for calibration of the electronic sensors. Attaching a large number
of sample bottles to the CTD wire for chemical sample collection became a
nuisance to the physical oceanographer because it meant additional time for
handling, slower descent rates due to increased drag, and longer station times
due to both factors. To make things worse, the state of the art in chemical
oceanography was progressing rapidly and new techniques were being developed
to accurately measure trace concentrations of dissolved gases and metals in
water samples. As the analytical procedures improved, the chemists®' detection
levels were scon limited by the volume of the water sample, rather than by the
laboratory instrumentation.

During the mid-1970's, the Geochemical Ocean Sections Study (GEOSECS)
investigation of the Atlantic, Pacific, and Indian Oceans was undertaken by
the Woods Hole Oceanographic Institution and Scripps Institution of
Oceanography. The primary objective of this global survey was to measure
radioisotopes and other geochemical tracers, in conjunction with high-
precision measurements of temperature, salinity, and density in both
continuous and discrete-sample profiles. In some ways, GEOSECS was the
epitome of incompatibility between physical and chemical oceanographers. The
CTD was the primary profiling system for analysis of water mass
characteristics, but repeated casts with two 1l2-position rosette samplers had
to be made on each station to collect the 30-liter volumes of water that were
required from each of 50 sample levels.

These multi-cast stations required the better part of a day, rather than
the four to six hours that was standard for CTD profiles. To the physical
oceanographer, this meant drastic reductions in the number of stations that
could be occupied during each cruise leg, as well as for the entire program.
This reduction resulted in relatively sparse horizontal sampling and serious
spatial aliasing by mesoscale variability. 1In perspective, the GEOSECS
program provided interesting, high-quality information on large-scale
geochemical variability throughout the world oceans, but its value to the
physical oceanographer was far less than the METEOR and IGY investigations
which provided better horizontal resolution.

In 1986 and 1987, a scientific plan for the World Oceanic Circulation

Experiment (WOCE) Hydrographic Program was developed for the collection of
high-accuracy hydrographic and tracer data from the global oceans. The major
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component of the WOCE Hydrographic Program is Core Project 1, consisting of a
one-time occupation of transects in all the world oceans, with nominal 30
nautical mile (nm) station spacing along transects. Additional stations were
added in boundary-current regions and in the vicinity of major topographic
features.

The proposed survey plan for the WOCE Hydrographic Program was intended
to provide CTD data on horizontal scales sufficient to resolve the large-scale
circulation within ocean gyres, without being severely aliased by the
mesoscale variability. For salinity calibration, small-volume water samples
were required from 24 depth levels at selected stations.

A WOCE Hydrographic Program chemical tracer study was to be made in
conjunction with the CTD profiling operations, but only a subset of the CTD
stations would be sampled for chemical analyses. The primary chemical
measurements included oxygen, nutrients, freon, tritium, °He, '“C, and CO,.
Because each of these chemical analyses (with the possible exception of '‘C)
requires only a small volume of sample, 10-liter sample bottles were
sufficient for salinity calibrations and tracer studies. These "small volume”
sampling requirements differ greatly from the large (>250 liter) volumes that
would be required if 2*Ra, *Ra, “Kr and YAr were added to the suite of routine
tracer measurements during the WOCE Hydrographic Program. Because large-
volume sampling would require an additional five to eight hours per station,
these casts would be spaced every 300 nm along transects, or at every 10th
CTD/small-volume station.

The immediate need for the next-generation seawater sampler and CTD data
acquisgition system was, therefore, to satisfy the sampling requirements of the
WOCE Hydrographic Program. The system must fulfill the requirements of both
the physical oceanographers (high-quality CTD profiles with rapid profiling
rates) and the tracer chemists (uncontaminated 10-liter water samples from up
to 36 sample levels per station), thus requiring only one vertical profile per
station. These and other sampling requirements of the WOCE Hydrographic
Program are presented in a report (1], which summarizes a U.S. Workshop held
in January 1987 to discuss the WOCE Hydrographic Program.

Technical Issues

Although present water sampling systems, such as CTD profilers
interfaced to rosette samplers supporting Niskin or Go-Flo bottles, satisfy
the sampling requirements of most ocean research programs, the extensive
survey plans and stringent contaminaticn issues of the WOCE Hydrographic
Program necessitated the development of a new sampler with improved
capabilities. The major WOCE Hydrographic Program operational requirements,
the general sampling considerations of the WOCE physical and chemical
oceanographers and the initial logistic considerations are rext discussed in
some details.

Operational Requirements of the WOCE Hydrographic Program

The major WOCE Hydrographic Program requirements for the next-generation
"small volume"” water sampler were gpeed and data quality. The basic need was
for a 36-place water sampler interfaced to a state-of-the-art CTD profiling
system that would allow 6000-m profiles in significantly less time than the 4
hours that is standard for CTD profiling systems having 24-place rosettes with
one-liter bottles. For the suite of tracers to be analyzed as part of the
WOCE Hydrographic Program, it was a requirement that sample volumes be 10
liters each, rather than the one liter normally collected for a small volume-
programs using standard rosette systems. A few physical oceanographers (e.q.,
M. McCartney at WHOI) have averaged two hours per station for 6000-m profiles
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using 24-place rosette samplers with one-liter bottles, but the increase from
one to ten liter samples and from 24 to 36 bottles would certainly have a
major effect upon station time using present technology. The optimum 36~
place, 10-liter sampler would thus be one that could average 2 m/sec, and
thereby complete a 6000-m profile in less than two hours.

Although the profiling winches on most UNOLS vessels can achieve speeds
of 2 m/sec, the limiting factor with present water sampler technology is
surface area and drag caused by the 10-liter bottles. Large samplers can be
raised at speeds approaching 2 m/sec, but their excessive drag often limits
their terminal velocity to 0.5 m/sec or less for downcasts. One approach for
the structural design of the new water sampler was to focus on reducing the
drag of the total underwater unit (water sampler, CTD sensor package, and
frame). Addition of mass to the underwater unit would also be considered as a
means of increasing terminal velocities, but major reductions in drag must be
accomplished before changes in mass can significantly improve terminal
velocities.

Secondary factors that affect total time on station include the time for
deployment and recovery, and the time required to collect a water sample at
each of the 36 depth levels if the instrument package must be stopped during
sample collection. With a semiautomated deck handling system for launch and
recovery of the water sampler package, it would be possible to save ten
minutes or more per station compared to present launch/recovery techniques,
which often consist of deck personnel using tag lines.

Another time-saving option considered for the WOCE Hydrographic Program
was the addition of a second platinum resistance thermometer within the CTD
underwater units. This would effectively eliminate the need for deep-sea
reversing thermometers for calibration of the electronic temperature sensors.
The CTD software could be modified to monitor both PRTs, and to sound an alarm
if their temperature readings differed by more than some prescribed tolerance,
thus indicating a problem with one or both sensors. This real-time equipment
surveillance has two major advantages over classical thermometric techniques:
1) equipment problems are detected while the instrument is still in the water
rather than with the system on deck, or underway to the next station or even
after the cruise has been completed, and 2) the significant time for "soaking’
the thermometers is eliminated, thus saving 10 to 30 minutes per station,
depending upon the number of calibration levels.

Without the need for reversing thermometers, the only time required at
each sample level is that needed to adequately flush the water sample
container and/or collect the sample. If 30 seconds were required at each of
36 sample levels, this would translate into 18 minutes per station. This is a
significant (and possibly detrimental) time requirement. Furthermore, motion
compensation may be required to ensure that each water sample is collected
within +5 m of the desired sample level. 1In light of this sampling
requirement, the optimum water sampler would allow for collection of water
samples without stopping the winch. 1In addition to saving significant time,
this would also reduce oxygen measurement errors, which are compounded by
changes in flow rate due to the slow response of present membrane sensors.

Physical Oceanographic Considerations

For the physical oceanographer, the goal of the WOCE Hydrographic
Program was to obtain high-quality CTD profiles, from the surface to the ocean
floor, at 30-nm intervals along major ocean transects. The resulting density
data would then be used for geostrophic calculations of transport through
individual sections as well as for input to a variety of ocean and gyre-scale
circulation models. Conservative quantities such as temperature, salinity,
and computed potential vorticity could also be used to deduce advection,

10




mixing, and the relationship between the general circulation and the observed
distribution of chemical tracers. Because the major emphasis of the WOCE
Hydrographic Program is on the large-scale circulation, no attempt was to be
made to resolve smaller-scale processes such as microstructure, internal
waves, and sub-mesoscale eddies. At winch speeds of 2 m/sec and CTD sampling
rates of 24 Hz, the maximum vertical sampling resolution would be limited to
roughly 8 cm, which precludes meaningful microstructure studies. Likewise,
analyeas of internal waves and eddy phenomena would require intensive temporal
and ggoatial sampling, respectively, which is not possible within the stringent
time constraints of the WOCE Hydrographic Program.

From the viewpoint of the CTD data quality, the most important
consideration in the design of the improved water sampler and CTD data
acquisition system was that the hardware configuration not disturb the water
flow immediately ahead of the CTD sensors. Present systems are configured
with the CTD sensor package situated beneath the water sampling device (e.g.,
rosette sampler) so that good quality CTD data are acquired when the sensor
package is descending monotonically. In this "sensor down" configuration, CTD
data quality is degraded when the sensors lay in the wake of the water
sampler. This condition occurs 1) during the ascent (upcast), 2) when the
water sampler is stopped ac a depth level for collection of samples, and 3)
during rough sea conditions when the vertical oscillations of the vessel
temporarily halt the smooth downward progress of the CTD. The situation is
reversed if the CTD is situated above the water sampler and oriented "sensor
up"; in this case, good quality CTD data would be acquired only on the
upcasts.

This "sensor up" configuration becomes moot if there exists an improved
profiling system capable of acquiring good quality CTD data at descent rates
of 2 m/sec, and of collecting water samples with little or no stopping during
the descent. In any event, it is not desirable to sample water in the wake of
the profiling wire, a phenomenon which occurs when taking an upcast.

Collection of the calibration water samples concurrently with the
acquisition of the good quality CTD data is also a major concern to the
physical oceanographers. Numerous studies have shown that calibration data
exhibit significant errors when the water samples for salinity and oxygen
calibration are collected on the upcast, rather than concurrently with good
quality CTD downcast data. This is due primarily to horizontal variations in
the property fields (the upcast profile is displaced laterally from the site
of the downcast due to ship drift), but any hysteresis in the temperature
response of the pressure sensor of the CTD would also lead to unavoidable
vertical displacement between upcast calibration samples and downcast CTD
readings.

The basic design of the Niskin bottle causes water leakage problems when
water samples are collected on the downcast. To alleviate this problem,
investigators at the Woods Hole Oceanographic Institution modified several
Niskin bottles by adding rubber diaphragms to compensate for the change in
volume after the bottle has been closed. The bottles were used during two
cruises with reasonable results, but the increased maintenance problems
associated with the rubber diaphragms outweighed the gjain, and unfortunately
the downcast sampling with Niskin bottles was dropped. In a report on
measurements of salinity and oxygen at the Woods Hole Oceanographic
Institution, Knapp and Stalcup {1) make the following statement on in situ
sampling bottles: “As presently configured the General Oceanics Rosette is
bulky, awkward to use and is not as reliable as we would like... Sometimes the
Niskin bottles trip early, fail to trip, or trip late and close at a shallower
depth...The oceanographic community sorely needs a water sampler that
addresses these shortcomings.”

1




R

One last problem with present rosette samplers is that, when 1 or 2
conductor cables are used, collection of CTD data is interrupted each time a
water sample bottle is tripped, and the missing data cause problems during
subsequent data processing. Interrupting the power to the CTD also creates
spurious oxygen data when the power within the oxygen sensor is reduced during
the firing of the rosette.

Chemical Tracer Considerations

DISSOLVED GASES: Maintaining the integrity of dissolved gases in water
samples is a critical aspect of obtaining water samples for geochemical
analyses in the WOCE Hydrographic Program. Many of the important WOCE tracers
are gases (oxygen, CO,, °HE, and freons) that are sensitive to gas or vapor
exchange (in the case of tritium and '“C). The primary problems with standard
Niskin sample bottles are twofold: the long "incubation time" of the closed
Niskin bottle in the water column and on deck, and the time that is spent once
the Niskin is vented at the commencement of sampling. The incubation time can
certainly be minimized by the design of a rapid profiling and recovery system;
however, the most impcrtant factor in gas sample contamination is venting.

A recent study by Takahashi et al. (2] indicates that gas concentrations
are significantly affected within 15 minutes of the time that the Niskin
bottle is opened, and that the degree of effect is primarily a function of
head space inside the bottle. This problem can be avoided with the use of a
deformable, collapsible container that can be removed from the water sampler
immediately after recovery. Direct transfer of the water sample container
into an insulated carrier as it is removed from the water sampler would also
minimize thermal diffusion due to rapid temperature changes. Once inside the
shipboard laboratory, the sample containers could be mounted on a sampling
manifold for careful transfer of the sampled water.

‘Analysis of freon concentrations in seawater samples promises to be an
important component of the WOCE Hydrographic Program because recent studies
have shown that anthropcgenic compounds such as freon are useful time-
dependent tracers of ocean mixing and circulation processes. At present, the
limits of freon detection in 30 cm’® of seawater are about 0.005 x 10"Zmol/kg
of seawater, or 0.05 g/km’ of seawater. At these concentration levels, even
trace amounts of freon from shipboard sources and sampling containers can
severely contaminate seawater samples. On a number of hydrographic sampling
programs, part of the contamination problem has been related to the release of
freon into the water samples from the walls and O-rings of the Niskin bottles
ugsed to collect the water samples.

Materials and sealing techniques for the sampling system must be
evaluated carefully if such a system is to be used to collect seawater samples
for the diverse suite of gases, nutrients, and trace metals that represent the
core of the WOCE tracer program. If reliable freon analyses are desired, the
materials chosen for construction of the water sample containers must be
compatible with ultra-low-level measurements of these compounds in seawater.
If the flexible water containers will not be flushed with surrounding seawater
before each sample is collected, the containers must initially be free of any
freon, and must remain so until the water sample is captured.

The walls of the material must not absorb or adsorb freon from the water
sample, and must also prevent freons or other gases of interest from diffusing
into the container between the time of preparation and usage. Once the
container is filled with the seawater sample, gas exchange between the
atmosphere and the sample must be minimized, preferably through the use of
carefully designed equipment used for the sample transfer.
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TRACE METALS: It has been well established in the past decade that the
quality of seawater samples to be used for trace metal analysis is highly
dependent on the type and composition of the water sampling equipment, and
control of potential shipboard sources of contamination. Investigators have
demonstrated that the following precautions are necessary in order to ensure
uncontaminated water samples for trace metal analyses:

L] No exposure of the internal surfaces of the sample
container as the sampler passes through the sea,
especially in close proximity to the research vessel.

. Isolation of the sampler from steel lowering cables.

. Construction of the water sample containers from
materials having low metals content.

. Control of the sample transfer environment through the
use of Class-100 clean benches or vans.

All the scientific issues, both physical and chemical, mentioned above,
were incorporated as stringent requirements and addressed in the evaluation of
the water sampler.

Logistic Considerations

In addition to the various scientific considerations outlined above,
there were other logistical and operational factors to be considered for the
design of a system meeting the general requirements of the Ocean Sciences
Division of NSF. These included the following:

) The ability to safely conduct profiling operations in moderate to

- rough seas and during wind speeds up to 40 knots.

L Protection from loss of equipment during handling operations and
damage while stowed on deck.

. High reliability with minimal requirements for at-sea maintenance.

) A well-engineered system that can be manufactured at reasonable

costs, such that the UNOLS fleet and foreign research vessels can
be upgraded over the next five years.
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PROTOTYPE WATER SAMPLER DESCRIPTION

General Description

The primary objective of this project was to develop a prototype of the
next—-generation water sampler that will be used for the WOCE Hydrographic
Program. As discussed in Section 1, the technical specifications must meet
the sampling requirements of WOCE, but broader sampling issues were also
addressed to ensure that the system will be useful for other global geoscience
programs that may develop over the next few decades.

In accordance with the initial NSF solicitation, the fully integrated
seawater sampler and data acquisition system will have four major components:

1. The underwater unit consists of four major subsystems (see Fig. 1):

e The gtructural assembly of the underwater unit includes the internal
frame, fairing, syntactic foam, and an electro-~mechanical
termination.

e The gea water acquisition subsystem includes the pump, flow controls,
and drawers for water sample containers.

e The CTD data acquisition subsystem includes the standard CTD

profiling package, additional sensors, and bottom-finding altimeter.

e The control, monitoring, and telemetry subsystem receives sampling
requests from the surface, actuates sampling, and sends information

from the CTD and altimeter to the surface.

2. The_deck control unit consists of the control computer and
associated software, the CTD control unit, the water sampler control unit, and
additional control units for the winch and motion compensator.

3. The handling and deck stowage gystem consists of the winch and

cabling, the motion compensator,and the integrated launch/recovery and stowage
system.

4. The shipboard water sample transfer system consists of equipment to
transfer the water sample from the underwater unit into the laboratory, and
apparatus for removing water from the sample containers.

The underwater unit is the instrument package attached to the end of the
electro-mechanical lowering cable for collection of water samples and CTD
data. The design of the improved seawater sampler is based upon the need for
rapidly acquiring uncontaminated water samples for analysis of geochemical
tracers, in addition to precise measurements, using in situ sensors, of
temperature, salinity, density, and dissolved oxygen. To meet this basic
objective while satisfying the sampling requirements of global geoscience
programs such as WOCE, the underwater unit must meet the following operational
requirements:

e Average profiling speeds (descent and ascent) must reach 2 m/sec.

e The water sampler must be capable of collecting 36 seven-liter,
uncontaminated water samples during the descent and/or ascent.
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¢ The underwater unit must accommodate CTD profiling systems from
leading manufacturers.

¢ The underwater unit must accommodate a bottom-finding altimeter that
can be electronically interfaced to the deck control system.

The four subsystems in the underwater unit are discussed in detail in
the following four sections.

Structural Assembly

Design Rationale

The structure and termination of the underwater unit consists of an
internal frame to support the payload (i.e., water sampler unit, CTD and other
components), an outer fairing to reduce drag during profiling, syntactic foam
for flight stability, and an electromechanical termination to attach the
underwater unit to the lowering cable.

The sampler was designed to perform rapid profiles while collecting high
quality sea water samples. Essential features of the design included:

e Design of sample drawers, fairings and batteries to minimize turn-
around time between casts.

‘s Low maintenance.
. Quick flooding when the sampler is launched.

e Stability, statically and dynamically, at maximum lowering and
" retrieval speeds.

e The terminal velocity of the sampler must exceed the terminal
velocity of the cable and the downward velocity of the head sheave
when the ship rolls.

¢ The sampler must be compact and streamlined in order to attain the
fast payout and retrieval speeds specified.

Basic Configuration

The design was a difficult exercise in configuration management. A large
number of components which evolved rapidly in separate locations, finally were
fitted together in a very cramped space. The tightest feasible packaging
produced a sampler 80 inches in length and 33.5 inches in diameter. This
results in an aspect ratio of 2,38:1. The shape is cylindrical with
hemispherical ends.

The frame structure was designed to withstand the maximum expected
dynamic load without flexing. Flexure could cause the rotary valve to bind
up, or the seals between the drawers and the rotary valve to leak. The
tensile strength of the frame is in excess of 25,000 pounds at the weakest

The initial plan in the working prototype called for a titanium frame.
Early on it was decided to make the prototype package out of schedule 40 steel
to ease the numerous changes and iterations that are always part of a
development effort of this complexity. All steel components were chosen to
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match commercially available titanium shapes for later translation to the
working model frame.

The frame is composed of 1-1/2 inch schedule-40 steel pipe and steel
plates. Four bent pipes join the top plate to the apex of the sampler with
its tension cell and grabbing fixture. Eight pipes extend from the top plate
to a plate located at the bottom of the drawer section; four continue through
to a thin annular ring located at the midpoint of the lower section. A second
annular ring bolts up to this and has three curved pipes joining at the bottom
at a rolled pipe ring, 14 inches in diameter.

The upper hemispherical section is covered with a fiberglass shroud.
Four syntactic foam blocks molded as quadrants of a hemisphere fill most of
the space. Cavities and rabbits were carved into the foam so that it would
fit around the four structural pipes and the rotary position and home sensors.
A one half inch thick steel plate separates the upper section from the sampler
drawer section.

The sampler drawer section has steel plates top and bottom and eight
evenly spaced pipes around the periphery. The Battelle rotary valve occupies
the center of this section, and is held in place by eight ladderlike frames
that also support the sample drawers. The drawers fit into the ladders in
five layers of eight drawers each. A stainless steel strip is bolted to the
outside of each of the eight pipes and has backing clips for 1/4 turn
fasteners. The mating part of the 1/4 turn fasteners are attached to the
sample drawers; they provide a positive, but quick, method of mounting and
dismounting the samples. Four drawers are omitted in one section to allow
room for the installation of a Neil Brown Mark IIIB CTD or a Seabird CTD.

Below the sample drawer section the lower section contains the operating
mechanisms and instrumentation. The pump motor used to provide suction
through the rotary valve to the sample drawers is located in the center of the
volume, with the pump impeller housing above it. The rotary valve driving
sprocket, a flow sensor and a rotary joint are between the top of the pump and
the bottom of the rotary valve.

The rotary valve is driven by a stepper motor in an oil-filled housing
that drives a small sprocket. The torque is transmitted from the sprocket on
the stepper motor to the sprocket on the rotary valve by a wire rope and
urethane timing chain. A spring loaded idler sprocket was added to help
reduce the rotary indexing error caused by unequal chain tension on the
tension and return sides of the large sprocket.

The exhaust of the pump was directed to a Battelle housing containing a
three-way valve. One side of the three-way valve was plumbed out the bottom
of the bottom shroud to leave the pumped water in the wake on the upcast. The
other port of the three-way valve was plumbed into one of the vertical pipes
80 the water was forced to exit out the top of the sampler on the downcast.

Two type 7075-T6 aluminum battery cases, 7.5 inches in diameter and 19
inches long, were attached on fiberglass channels to the top of the top
annular ring. Two similar channels were installed below the bottom annular
ring to support two pressure cases, 7.5 inches diameter by 20 inches long,
containing the attitude sensing package and the control and telemetry
electronics. The cases were fastened to the fiberglass racks with quick
release scuba tank bands to minimize turnaround time. An acoustic altimeter
was packaged vertically in the lowest section such that the transducer is
aimed out a hole cut into the lower hemispherical fiberglass shroud.

The short section between the bottom of the drawers and the annular

rings was shrouded by a band of polyethylene sheeting. This band was also
held on by 1/4 turn fasteners for easy access to the batteries.
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The sampler's empty weight in air is 1500 pounds; when full of 36 7-
liter sampled, the weight is 2060 pounds; when immersed in water, it weighs is
S00 pounds.

The water sampler was designed to be statically stable. syntactic foam
flotation in the top of the frame provides buoyancy, the bottom of the frame .
contains the heaviest components (pressure cases and batteries). The center
of gravity is located 41.44 inches above the bottom end. The center of
buoyancy is located 49.77 inches above the bottom. This results in a righting
moment that can be expressed as :

500 * (49.77-41.44)sin (theta)

where theta is the tilt angle, and the righting moment is expressed in foot-
pounds. The horizontal centers of gravity and buoyancy were kept as close as
possible to the axis of symmetry.

Fabrication

The frame was fabricated in the WHOI welding shop. The pipe sections
that required bending to an exact curvature were ordered from an outside
vendor. The four pipe sections that frame the top of the sampler meet at a
machined steel boss. The boss is designed to accept the tension cell below it
with the strength member passing through the center. The termination clevis
is fastened to the top eye of the load cell strength member rod with a pin. A
two-part steel device clamps over the top flange on the boss and the
termination, and has a mushroomlike top section so that it can be grabbed by
the proposed handling system. An additional two-part weldment clamps over
this mushroom and provides two loops for handling lines for deployment and
recovery on the test cruises when the handling system was unavailable.

-These four pipes extend through the sample drawer section and down to
the top annular ring. Steel strips one eighth inch thick by three inchs wide
are welded to conform with the outside of the pipes in the top section and to
provide a place to attach the top shroud. The top section ends at a one half
inch thick steel plate. This plate is drilled to provide mountings for the
ladders in the section below, the top guide for the rotary valve, the home
position, and rotary position sensors and the four syntactic foam blocks.
Four additional pipes are welded to the bottom of this plate to make up the
eight required for the drawer supports. The tops and bottoms of these pipes
were drilled through the plates and a number of large diameter holes were
drilled in this plate to facilitate flooding when the instrument is first
placed into the water.

One of the eight pipes in the sample drawer section is slotted from top
to bottom to facilitate running cables past the drawer section. A Stainless
steel clamp fits into one of the eight sections to hold the CTD.

The bottom plate is also 1/2 inch thick steel. It is drilled to mount
the pump bracket, the rotary valve stepper motor, the three-way valve, the

idler unit and a guard for the CTD. Additional flood holes are included here
as well.

Seawater Acquisition Subsystem

Desacription of Water Sample Acquisition

The seawater acquisition subsystem is contained within the underwater
unit, and is designed to: .
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e Collect 36 seven-liter, uncontaminated water samples during descent
or ascent for chemical oceanographic analysis as well as for physical
oceanographic verification of the CTD data on command from the
surface.

e Allow sample volumes to be varied between one and seven liters.

e Collect the water sample within +5 meter of the desired sample depth
with the underwater unit moving at 2 m/sec.

¢ Collect water samples without interfering with the collection of CTD
data.

e Provide on~deck confirmation of water sample collection.

The design of the seawater acquisition subsystem uses an evacuating pump
system to fill closed, evacuated water sample containers. During a cast, the
seawater acquisition system operates in the following manner. When the
underwater unit is first launched, the sample drawers flood with surface
water. This initial fill of water is the working fluid for the pump during
subsequent casts, when each sample container is inflated. The working fluid
contained in the free-flooding portion of the water sampler drawer is never
allowed to contact the interior of the sample containers, nor does it mix with
the sample water as it enters the sample containers. (After flooding. the
system is as shown in Fig. 2a).

A rotary selector valve connects one sample drawer at a time to the
suction of the pump. When the desired sample depth is reached, the pump is
turned on, which applies a suction to the outside of the sample container. A
valve on the sample container opens, and sample water is drawn through into
the evacuated container. The pump runs for five seconds or less, drawing
gseven liters of seawater sample into the container while drawing an equivalent
volume of working fluid out of the drawer around the filling container. 1In
thia way, samples are moved directly from the sea to the sample containers
(Fig. 2b).

Contamination is largely minimized by drawing water directly from the
sea into the sample container. Fluid crosstalk is eliminated by careful
design of the hydrodynamics of the exterior of the entire underwater unit, and
in particular the exterior portions of the drawer and closure valve. Reduced
contact between the sample and the collection equipment minimizes equipment
contamination,. Uncontaminated collection on both downcast and upcast is
enabled by redirecting the pump discharge, always venting it in the wake of
the underwater unit so it cannot be drawn back in during sampling.

After the pump is stopped, the flow stops. When the flow stops, the
closure valve seals the water sample from the ambient sea water (Fig. 2c).
Shortly after the pump has stopped, the rotary sample selector valve is
indexed to the next sample drawer to wait for the next collection command.

The subsystems which make up the seawater acquisition subsystem (Fig. 3)
can be divided into sample containers, framing, and flow controls. The
framing includes the drawers which hold the sample containers and the supports
retaining them in the underwater unit. The flow controls are composed of the
rotary sample selection valve, the sample confirmation mechanism, and the
pumping system used to £ill the sample containers.

SAMPLE CONTAINERS: The sample containers are flexible tri-laminate
plastic bags bonded to an inlet valve subassembly. Being flexible, the
container automatically is pressure compensated. The bag is designed with a
minimum of nine-liter absolute capacity. With a maximum seven-liter sample,
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the bag then has 28% excess capacity for volumetric expansion, more than
enough to compensate for a sample brought to the surface from a 6000-m depth.

The inlet valve subassembly (Fig. 4) has a body plate with valve and
transfer port. The intake to the sample container is through the closure
valve, which is vented directly to the sea at the exterior of the underwater
unit. Pumping the drawer container generates a suction inside the container,
applying an opening force to the closure valve. This allows water to enter
the container. The transfer port is for accepting the transfer probe when
subsampling water from the container after the cast.

During Phase I of the development, a variety of closure valve concepts
were considered and evaluated. On the basis of simplicity, reliability, and
cost, the magnetically latched disc valve shown in Fig. 4 was selected for

use. The key features of this valve design are simplicity, ick operation, a
pagsive latching capability feature to resist wave slap, and a planar outlet
configuration for enhanced container protection.

The valve is inherently simple and reliable because it has only one
moving part. It showed promising results during laboratory testing. The
valve disc is held against its seat by an annular permanent magnet. When the
sample container is subjected to pump suction, the disc is pulled away from
the magnet and arrested by mechanical stops after a short opening stroke.

When the pump is switched off, there is sufficient magnetic force to reseat
the disc without springs or other restoring devices which might interfere with
the container, reduce reliability, or introduce sample contamination. The
metal parts and magnet are coated with materials which are non-corrosive and
non-contaminating to the sample.

Seawater Acquisition Subsystem Hardware

DRAWERS: The 36 drawers of the geawater acquisition subsystem unit are
located in the center, cylindrical section of the underwater unit. This
cylindrical section is about 92.4 cm (36.4 in) tall by 83.8 cm (33 in) in
diameter. The drawers are laid out in five levels (Fig. 3), each about 17.8
cm (7 in) in height. Each level is divided into eight individual
compartments, each one occupying a 45° segment of the level. A section
showing radial divisions is given in Fig. 5. This provides 40 compartments,
but four of the compartments are occupied by the CTD pressure housing. The
volume of each drawer is 8.4 liters, thus providing ample room for the sample
containers.

The sample containers must be moved into the drawers before they are to
be used. First, the stowage bag which contains 36 sample containers is opened.
The sampling containers are slid into matching slots in the empty drawers. 1I1f
necessary, the sample containers can be nitrogen purged and re-evacuated.
Lastly, the drawer lid is placed in grooves of the drawer bottom (Fig. 6).

FLOW CONTROLS:

ROTARY VALVE. The function of the rotary valve is to select one and
only one of the 36 sample containers to be filled at any given time. The
rotary valve assembly is composed of an outer fixed tube, an inner rotor, and
an indexing mechanism.

The rotary valve assembly is positioned on the centerline of the

underwater unit, between the upper and lower bulkheads. It is held in place by
the eight structural frames which also hold the sample drawers in place.
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Figure 6: Drawer with Water Sample Container
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Ports on the fixed tube are located on five levels, at 72° intervals, and
provide the connection to the sample drawers. These ports mate with
corresponding ports on the backs of the 36 sample drawers.

The rotor is located inside the fixed tube. As shown in Fig. 7, it
consists of a cylinder with five branches, corresponding to the five levels of
drawers within the seawater acquisition subsystem. The ports through the
fixed tube to the drawers are separated at 45° intervals; the branches on the
rotor are offset, separated on 72° intervals. This vernier provides the
indexing action, allowing a unique port to be selected for each 9° step in
rotor position. Four of the positions line up with the CTD compartments.
Indexing of the rotor is achieved with a stepper motor. Positive indication
of rotor position is accomplished with a rotary potentiometer and a home
position limit switch.

A collar gear connects the bottom of the rotor to the flow meter,
forming a flow path from the rotor to the inlet of the pump. The top end of
the rotor is rigidly capped. Centering bearings are located near the top and
bottom of the rotor, supporting the rotor in the fixed tube, independent of
the rotary valve's mounting in the sampler. The annular space between the
rotor and the fixed tube is free-flooding at all times.

The free-flooding annular space between the rotor and the fixed tube
serves three functions. First, should a leak occur at the branch seals, the
annular space prevents pump suction from influencing any samples other than
the one being drawn. Second, this space provides the path for the sea to fill
the drawers quickly during launch, and allows excess water to drain out on
recovery. Third, this space provides the means for pressure compensation of
sample containers.

The five branches of the rotor are provided with close-fitting delrin
seals spring-loaded against the inside of the fixed tube. Only one branch is
connected to a drawer, and water is drawn from that drawer. The four branches
not aligned with ports are blocked by the inner surface of the fixed tube,
thus preventing extraneous flow. 1In this way, only one possible flow path is
permitted. Should leakage take place in any of the seals, the annular space
is open to the sea and therefore, no other sample will be affected by the
leak.

SAMPLE CONFIRMATION. Two instruments are used to confirm that a sample
has been collected. The first is a rotary potentiometer that monitors the
position of the rotary valve rotor, and can be interpreted to determine which
drawer is connected to the suction of the pump. The second instrument is a
flow meter, which verifies that water is being moved, and, by integrating over
time, can be used to verify that the desired total volume has been collected.
Since the rotor is indexed by a stepper motor, the encoder provides somewhat
redundant feedback which is used solely to verify correct operation of the
indexing mechanism.

The flow meter provides feedback on the progress of sample collection to
the control computer. Because accurate control of sample volume is not
necessary, there are no plans to use the flowmeter information to control the
pump. Sample volume will be controlled entirely through timing. Rather like
the rotary valve position encoder, the flow meter will be used solely to
verify correct operation of the pumping system.

The flow meter will be placed on the suction side of the pump, between
the pump inlet and the rotary valve. This location was chosen because
turbulence should be less at the inlet, providing for less variability in the
signal to the controller.
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Due to space limitations, we needed a flow meter with a low profile, and
bacause flow losses equate directly to increased energy consumption, we looked
for a flow meter with low head losses. The flow meter should also have a
simple input to the controller. The flow meter selected to meet these
criteria is a turbine meter. This meter uses a simple turbine which is
rotated by the flow of water over its vanes. A sensor in the periphery
detects the rotation of the turbine magnetically, generating a pulsed signal
to the controller.

PUMPING SYSTEM. To collect a sample, the pumping system is used to draw
a suction on the selected sample drawer. The pumping system, shown in Fig. 8,
consists of a centrifugal pump, a valve which selects whether the pump will
discharge at the top or the bottom of the underwater unit, and the piping
necessary to connect these to the xotary valve.

The pump is a simple centrifugal pump. All-plastic construction was
selected for corrosion resistance and weight. Fasteners in the pump body and
the shaft from the motor drive are stainless steel. The pump had to meet two
flow conditions: high suction pressure at low flow (when developing the
gsuction required to initially open the closure valve), and high flow against
reasonably low head losses (to move seven liters in less than five seconds).

A Sequence 1000 pump from Multi-Duti Manufacturing of Baldwin Park, CA, was
found to meet this requirement. During Phase I a pump was purchased and tests
were conducted to verify that this pump met or exceeded all of the
requirements for the sampler.

The motor driving the pump during Phase I testing was a 560 Watt (3/4
horsepower) AC motor, provided by the pump manufacturer. For use within the
underwater unit, the pump is driven by a 500 Watt, 48VDC motor. The motor,
which was purchased from lLansea Systems Incorporated, is oil-filled, pressure
compensated, and closed-coupled to the pump.

-Because the seawater acquisition subsystem initially is flooded with
surface water, care must be taken to assure that the water discharged from the
pump is not allowed to enter through the closure valve and contaminate the
sample with water carried to another depth by the unit. This is accomplished
by directing the discharge of the pump so that it always comes out in the wake
of the underwater unit. During sampling on the downcast, the pump will
discharge on the top of the underwater unit; on the upcast, the pump will
discharge on the bottom. 1In this way, the pump's discharge is always left
behind the unit and cannot reach the inlet of the sample being collected.

The directional discharge valve is a three-way valve. 1In one position
it directs discharge to the top (downcast) outlet. 1In the other position, it
directs discharge to the bottom (upcast) outlet. The custom valve is coupled
to a stepper motor. The position of the discharge valve is changed only two
times per cast: once, at the beginning, to move discharge to the top for the
downcast, and once, at the bottom, to shift the discharge to the bottom for
the upcast.

Water Sample Transfer System

The water sampler's distinctive feature is the use of flexible water
sampler containers. Because these sample containers can be removed from the
underwater unit, they also serve as transport containers, thus eliminating the

need to draw water samples from the underwater unit while it is out on deck
and exposed to the elements.

Sample transfer can be viewed as a two-step process: on-deck removal of

the water sample containers from the underwater unit, and laboratory
extraction of the water sample from the sample container for analysis. Upon
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recovery of the underwater unit, the drawers with full sample containers are
removed from the underwater unit and transferred into the ship's laboratory.
The drawer compartment acts as an insulated carrying case that will minimize
warming and degassing of the water sample during transport into the ship's
laboratory and during initial subsampling. The drawers weigh roughly 10 kg,
including the seven liter water sample (7 kg).

Inside the ship's laboratory, water subsamples are drawn from the sample
container. To draw the subsample, a transfer probe with flexible hose
(Fig. 9) is inserted into the transfer port, puncturing the wall of the
flexible container while sealing against the valve body. The water is free to
flow through the probe/hose, and water samples are drawn for the various
analyses. Due to the flexibility of the sample bag, water samples can be
drawn without introducing any air or creating a gas headspace inside. To help
with the extraction of the water, the flexible bag can be compressed to
generate more flow. After all of the water samples have been removed from the
sample container, the remaining water is drained. The valve body is removed
from the bag material to be reused in the assembly of new sample containers,
and the bag material is discarded.

CTD Data Acquisition Subsystem

The CTD data acquisition subsystem includes a standard CTD profiling
package, battery power system, bottom-finding altimeter, and interfaces to the
telemetry subsystem. This high resolution profiling system may be configured
with additional sensors for the measurement of dissolved oxygen, pH,
turbidity, fluorescence, and other chemical parameters.

Data Quality Requirements

- Continuous profiles on both the downcasts and upcasts of temperature,
conductivity, and dissolved oxygen, need to be made in addition to the taking
discrete water samples without stopping the profiling operation. CTD/O,
profiles will be continuous from the surface to within 10 meters of the
bottom.

The WOCE requirements for CTD sensors and observations are given in the
U.S. WOCE Implementation Plan, Implementation Report Number 1, (1989) as given
below in Table 1.

CTD HBardware

The water sampler was designed to be compatible with the EG&G MK~III and
MK~V CTDs and the Sea-Bird Model SBE=-9 and SBE-11 CTD. Due to the widespread
use of the EG&G MK-IIIB CTD, the sampler design team felt that it was
imperative that the sampler be capable of supporting this instrument. Each of
these instruments has unique advantages. A successful hydrographic instrument
could be designed using either the MK-IIIB or the SBE-9, so neither was
rejected. Both systems have established user groups within the community, so
the water sampler was designed to adapt to both of them. There are also
gseveral other CTDs on the market, but it is not likely that any of these would
be used during WOCE. However, the basic design does not preclude other CTD
sensor systems. Representatives of both EG&G .and Sea-Bird were present at the
water sampler planning meetings and offered much useful advice. We are
grateful for their input. The water sampling underwater unit can accommodate
either of these systems mechanically and electrically.
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Table 1: WOCE Requirements for CTD-Sensors*

e
_Quantity Accuracy Precision
Temperature 0.002°C 0.0005°C
Salinity' 0.002 PSU 0.001 PSU
Pressure’ 3 dbar 1 dbar
Dissolved Oxygen’ 1 -1.5% 1 - 1.5%
NOTES:

* Copied from Table II.A.3, page 26 in the U.S. WOCE Implementation Plan, U.W. WOCE Implementation Report Number 1, March
1989.

1. Although conductivity is measured, data analyses require knowledge of useful limitation expresscd as ulmny The accuracy
requirement depends on the frequency and technique of calibration, and the precision d ds on the prc 2

b}

2. Pressure accuracy depends on careful calibrations and precision limits depend on processing. Difficulties in CTD-salinity data
processing occasionally attributed to conductivity sensor problems or shortcomings in processing actually are sometimes due to difficulties
in accounting for pressure sensor limitations.

3. An adequate oxygen sensor does not exist.

ELECTRICAL INTEGRATION OF CTD SUBSYSTEM: Electrical integration of the
CTD must- insure that the highest quality CTD data be delivered to the surface
in a manner not affected by its use with the water sampler. The data transfer
needs from either CTD system far exceed the modest communication requirements
of the water sampler. The CTD data rates are listed in Table 2.

The Data Command/CTD Data Telemetry System integrates data from various
sources and insures a high reliability of data reaching the surface. The
conceptual design allowed for the continued operation of the water sampler in
the event of a CTD system failure. The system was designed to work on
hydrographic cable that has poor electrical characteristics. The telemetry
system allows for the use of standard off-the-shelf Sea-Bird (SBE-9 or SBE-11)
or EG&G (MK~IIIB or MK-V) CTDs with the water sampler. We avoided the use of
modified CTDs since this would have limited the number of CTDs which could be
integrated with the sampler. Since CTDs must continue to function in their
usual role, modification for use with the sampler could have resulted in other
operational difficulties.

Table 2: CTD Data Rates

=
Manufacturer Model Data Rate (Bits/Sec)

EG&G MK-IIIB 5,000

EG&G MK-V » 9,600

SEA~BIRD SBE-9 ' 5,760

* NOTE: The EG&G MK-V CTD can be supplied with a 5,000 bps system.
L —
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The telemetry system did not alter the users' normal computer interface to
the CTD data, as the telemetry system's deck unit emulates the format and
protocol of the manufacturer's standard data. The Neil Brown MK-IIIB, and the
Sea-Bird SBE-9 CTD's both output data serially by FSK or Manchester encoding
regspectively. The telemetry system provides for demodulation of either
Manchester or FSK encoded data. The CTD instrument specific demodulator will
pPlug into the telemetry system to allow for transition from one CTD
manufacturer type to another.

Table 2 gives the base data rates for the major CTD instruments in use
as typically 5,000 bps. At this rate the instruments are producing a minimum
of 24 scans of CTD and auxiliary sensor data per second (12 measurements
meter). The Sea-Bird SBE-9 data frame consists of 24 bytes of data which are
transmitted in 12 Manchester encoded words. Each Manchester encoded word
contains two bytes of data and 4 data control bits. A "Modulo” word is used
to synchronize the data receiver. The EG&G MK-IIIB CTD transmits up to 15
bytes of data for each scan of CTD dependent upon the number of auxiliary
inputs the instrument has. Each frame of data is synchronized by an idle
state which is more than 1 byte time. The EG&G MK-V CTD uses a system similar
to the MK-IIIB unit. The major constraint in data telemetry is the bandwidth
of operation for hydrographic cable. The measured attenuation figures of
UNOLS standard hydrographic cable are given in Table 3.

Telemetry systems which have frequency components which exceed 15 kHz
begin to exhibit significant amplitude attenuation problems. 1In addition to
attenuation, other long cable effects may be equally destructive to data
telemetry systems. Frequency dispersion, differential phase shifts, and other
effects deteriorate the performance of FSK or Manchester signal demodulators.
From this data we have selected a maximum up-link data telemetry rate for the
telemetry system of 1200 baud. Using an F/2F system will result in a maximum
telemetry frequency of 2.4 KHz.

‘POWER CONTROL CIRCUITRY: The power control module provides power from a
DC to DC convertor and a linear constant current regulator to power the CTD
instruments from the water sampler. The voltage and current requirements for
the Sea-Bird and EG&G CTD systems are shown in Table 4.

For integration and testing, an EG&G MK-IIIB was borrowed from the WHOI
CTD group.

Table 3: Attenuation of UNOLS Standard Cable Versus Frequency

FREQUENCY ATTENUATION (dB)
1,000 Hz -1.41
5,000 Hz -12.04

10,000 Hz ~17.50

15,000 Hz ~23.97

20,000 Hz =32.71

* 30,000 feet (10,000M) of 3 conductor + armor
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Table 4: CTD Power Reguirements

(e
Manufacturer Model Voltage Current Power Regulation
EG&G MK-IIIB 22 VpC .17 Amp 3.7 W Current
EG&G MR-V 38 vpcC .30 Amp 11.4 W Voltage
SEA-BIRD LP SBE-9 50 VDC .35 Amp 17.5 W Voltage
SEA-BIRD HP SBE-9 100 vDC .35 Amp 35 W Voltage

=

CTD MOUNTING AND INTEGRATION WITH THE UNDERWATER UNIT: The main
objectives of CTD mechanical integration to the water sampler are:

e Obtain CTD data quality which equals that obtained with CTD when used
without the sampler

e Allow for use of both major commercially available profiling
instruments

e Minimize the requirements for modification of CTDs for use with the
-sampler

¢ Achieve high quality CTD data during both down and upcasts of the
sampler

e Minimize the possibility of sensor damage during deployment recovery
operations

e Minimize the probability of damage in the event of bottom contact
with the sampler

Achieving these objectives required a trade-off in design and
performance. During the Phase 1 development meetings various approaches were
explored. A brief history of the progression of these is given below to in
rationalize the final design concept.

The initial design proposal placed the sensors several inches below the
bottom of the package (to be outside the stagnation layer), where the ability
to make undisturbed downcasts was optimized. However, during the upcast the
sensors are entirely within the disturbed flow of the sampler, resulting in
poor upcast data collection. In addition, this approach allows the sensors to
be exposed to contact with the bottom and possible damage during
launch/recovery operations.

The upcast problem can be addressed by placing sensors at both ends of
the sampler. The sampler would electronically switch between the two units as
& function of sampler direction. However, this assumes monotonic direction of
the unit due to proper function of the motion compensator system, with no
direction reversals in the sampler descent. It would also double the number
of sensors which the instrument must carry, and result in problems of
maintaining intercalibrations of the two sensor suits. Using an EG&G CTD
would require the use of two instruments, thus doubling the CTD payload (and
cost) and greatly increasing the overall size of the sampler.
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A third approach, more consistent with the overall design of the water
sampler, was to mount the CTD sensors internal to the sampler. The water to
be measured would be pumped into the sampler and past the CTD sensors. The
water sampling duct would be oriented to the direction of sampling. This
approach solves many of the problems of CTD sensor protection; however, the
quality of CTD data would be limited due to the effects of the ducting/pumping
of the seawater to be measured. CTD data would be smeared by the entrapment
of water in the boundary layer of the ducts. 1In addition, the thermal mass of
the system would be large, and at the higher sampling rates (2 m/s) would
result in a long relative time response of the system.

The next approach, which dramatically reduces CTD data disturbance and
allows for high quality data during both the downcast and the upcast, was to
mount the CTD sensors on an arm, which is orthogonal to the vertical center
line of the sampler, and protrudes out into the free flow. 1In this design the
sensors would be well outside the flow boundary layer of the sampler package
for both the up and down cast. This approach obtains the highest quality CTD
data, but leaves the CTD sensors exposed during launch and recovery
operations. The sensor arm can easily become entangled in guidelines or other
ship-mounted structures.

Because the "arm" approach yields the best possible CTD data, the design
group worked to resolve the negative aspects of this concept. The sampler has
a built-in controller to execute the process of water collection which could
also be used to deploy and retrieve the CTD sensors after launch and prior to
recovery. This approach would allow the sampler to obtain the highest quality
CTD data and also would protect the vital CTD sensors from physical damage.

Two mechanical approaches to the CTD deployment arm were examined. The
first, which minimizes sensor cable constraints, was an arm which hinged out
from the circumference of the instrument, extending the sensors 10 inches from
the side of the sampler. Although this reduced cabling problems, it was
determined that inadequate space was available in the sampler. The second
technique was to deploy the arm on a ram extending directly out from the side
of the sampler. This method minimized the internal vertical space
requirements and allowed for the use of a simple rack and pinon gear actuator.
This arm also allowed the Sea-Bird sensors to be mounted internal to it, with
water being pumped to them via a vane mounted at the end of the arm. The EG&G
sensor would be mounted externally at the end of the arm. During the use of
either instrument, the dissolved oxygen sensor would be mounted internal to
the arm and have water pumped to it. This will reduce the velocity dependent
characteristics of the membrane sensor by achieving a constant flow rate past
the device.

The sampler design team felt that the deployment arm with CTD sensors
achieves all of the objectives outlined relative to CTD integration with the
sampler. (A detailed discussion of this design is given in the Phase II
proposal, April 1989). However, none of the existing CTD systems could be
used satisfactorily "as is" for this configuration. The EG&G MK-IIIB system
required major modifications. The Sea-Bird system with remote sensors would
quickly adapt to use with the sampler, but the lower static accuracy of the
system would not meet overall WOCE CTD data collection requirements. The EG&G
MK-V CTD, which was designed with the intention of being adapted to remote
head applications, presented less of a problem. However, its use for this
program was inappropriate as neither Battelle or WHOI own an MK-V. In any
event, the EG&G MK~V CTD must establish its performance abilities in making
base CTD measurements prior to its adaptation to this development program.

It was not appropriate to modify an exiting CTD or to obtain another a
new unit, so to expedite testing, the existing WHOI EG&G MK-IIIB CTD was
mounted in the water sampler (Fig. 1) so that the CTD's pressure case was
within the underwater shroud near the lower end. The sensors extended out
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into the flow 3.5 inches. This configuration was selected so that at the 2
m/s expected descent speeds the sensors were well outside the expected 2-inch
thick boundary layer around the sampler. Thus the sensors were
{theoretically) in undisturbed flow. A fixed sensor guard was placed around
the sensors to prevent damage should the water sampler bump into the side of
the ship during launch or recovery. The guard was placed so that it would not
affect the flow past the CTD sensors. However, a potential problem with this
configuration is that an uneven fall rate or unstable descent could affect the
thickness of the boundary layer or create a flow stagnation which possibly
could affect the CTD readings.

Bottom—-Finding Altimeter

Prevention of bottom impacts by the water sampler is essential during
profiling operations which extend to near~bottom regions. Conventional
methods of shipboard measurement of water depth, and real-time monitoring of
the wire out and CTD depth during descent are not adequate for rapid profiling
near the bottom. Therefore, a bottom-finding altimeter was required to
measure, and to send to the operator/scientist in real time, the distance of
the water sampler from the bottom.

A Seascan, Inc. (North Falmouth, MA) 12 kHz bottom~finding altimeter was
purchased and mounted on the underwater unit (see Appendix B). The altimeter
was powered from the water sampler's 24 v battery pack, and was interfaced to
the water sampler's on-board controller, using an open collector SAIL
interface, to allow data regarding the distance above bottom to be telemetered
to the shipboard deck control system for display. With proper software, this
data could be used as an automatic warning system of bottom approach. When
queried, the unit replies with ####.#, the distance to the nearest target in
meters. This assumes a 1,500 m/sec sound velocity, which should be adequate
since any errors will go to zero with the range. The transmitted pulse width
can be set from 10 to 20 ms, and the power can be set to any percent of the
full power. The repetition rate can also be programmed for 1 to 99 seconds,
with 8 seconds being the default. This matches with the maximum listening
time for a return of 8 seconds, which gives a maximum range of 6,000 m, much
greater than acoustic attenuation allows. Software control in any bottom
alert software could change the repetition rate to optimize control as tha
bottom is approached. This should provide optimum computer control of the
altimeter during profiling operations.

The altimeter subsystem was tested as part of the 16 April - 3 May 1990
cruise from WHOI to Bermuda and back. The automatic warning software control
had not been developed, but manual control, return and display of data from
the altimeter was successfully achieved over the water sampler's telemetry
link. The altimeter was able to detect and follow the bottom from greater
than 1500 m range. Some noise or jitter was detected in the altitude, which
suggests that some software development, and optimum adjustment of the
blanking will be necessary to unambiguously detect the bottom with this
altimeter. For more detailed discussion of performance, see "Test and
Evaluation Cruises"” discussion and the Tables of Altimeter Results in Appendix
C.

Control, Monitoring and Telemetry Subsystem

The control, monitoring, and telemetry subsystem receives sampling
requests from the surface, and actuates sampling through the sampler control
module. The electronic control package also interfaces to the CTD and
altimeter, and transmits all information to the surface. The battery power
pack provides power to the water sampler so that the lowering cable handles
only CTD data transmission and water sampler communication.
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System Requirements

SAMPLER OPERATION: The operation of the water sampler requires the
transmission of commands to the underwater unit from the surface and the
corresponding transmission from the underwater unit to the surface of status
information, command confirmation, and autonomous sensor data, such as the
altimeter. Additionally, the same cable transmits data from a CTD attached to
the sampler to the surface.

The goal of the telemetry system was to enable operation of the sampler
over the same electrical conductors in the electro-mechanical cable as those
used by the CTD on a non~-interfering basis, with no modification to whatever
CTD or readout unit that was used. This was done by dividing the available
bandwidth on the EM cable into bands, the CTD using 5 kHz and 10 kHz for its
FSK operation, and the controller and other instruments using 1.2 kHz and 2.4
kHz for its frequencies.

The system was designed to allow a number of serial devices to be
connected together and operated over the same wires using the SAIL loop
protocol. In this manner the CTD is separated by frequency from all other
devices and the various serial devices are separated from one another by
addresses specified in the messages sent. These serial devices are
interrogated and commanded at 1200 baud and remain addressed until cleared
from the shipboard operator’'s console.

In addition the controller electronics and CTD originally were to be
powered by the sea cable with the control and data signals superimposed on top
of the dc power. However, the power required to drive the pump, directional
valve, and positioning motor were too great to be carried by the cable, so it
was supplied by battery packs mounted in the water sampler frame.

The tslemeter system functions by inserting an electronics unit top and
bottom between the CTD and its readout which combines the serial data or
commands from the water sampler controller with the CTD data, sends the
combination up the wire, and then splits them apart at the surface to go to
either the water sampler operator’'s terminal or the CTD readout.

The sampler is controlled by serial commands sent down the cable at 1200
baud. Each device (the controller and the altimeter in the tested case)
attached to the SAIL loop is addressed by a unique header address, and then
that particular device, and only that device, responds to any commands until
it is released by addressing another device. The sampler responds to a number
of two~letter commands to do such things as move to drawer n, pump for n
seconds, change the directional valve to downward exhaust, etc. (This is
discussed more fully below).

CTD DATA PASSTHROUGH: No changes were made to the hardware or software
of the CTD and its readout unit. The only requirement was that the CTD have
the ~ppropriate options to take as many analog data channels as were needed, a
standard configuration. The sampler frequency channels were separated far
enough from the CTD's channels that they were transparent and did not cause
any degradation in the signal-to-noise ratio.

OPERATOR’S CONSOLE: On board ship the sampler was controlled using an
Epson Equity I+ personal computer with the CTD/Controller separation
electronics built on a card plugged into the computer's backplane. Commands
could be given to the controller or the altimeter from the keyboard, and the
status and confirmations displayed on the screen. Two modes of operation were
provided for. An operator's program, written in QuickBasic, provided a
schematic screen with status information shown and menu selections. This was
for normal operation. A commercial terminal program that was also used
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allowed engineering personnel to execute a superset of instructions and to
gather much more engineering data on sampler performance than the normal
operator's program allowed, in addition to performing the standard operations.

Telemetry

THEORY OF OPERATION: Development of a command/response telemetry system
allows for 1200 baud full duplex data communication to operate in unison with
standard CTD profilers. The telemetry system uses advanced Digital Signal
Processing modems. These modems employ digital equalization and demodulation
techniques, enabling the additional communication channel to operate via
frequency subdivision techniques. The telemetry system also allows for
communication with auxiliary instruments, such as an altimeter, used in
conjunction with the sampler.

The sampler requires an operator to comwrunicate with the
underwater unit to select chambers, set exhaust direction and to set sample
size (1 to 7 liters). The operator may also request engineering status data
to monitor sampler performance and to ensure correct operation of the device.
Communication over the EM cable, therefore, must be bidirectional, allowing
for downward transmission of control "commands” and upward transmission of
conformation responses or "status” data.

Commercially available CTD systems use either Frequency Shift Keyed
(FSK) or Manchester encoded data telemetry schemes to transmit data via the EM
cable to a surface receiving unit. Although EM cables often have multiple
conductors, their use as individual communication channels is not feasible due
to the stray capacitance between the conductors. This capacitance results in
CTD data signals (with their higher frequency components) being superimposed
on all conductors after travel over 10-kilometer long EM cables. In addition,
the use of individual conductors to transmit different signals reduces overall
system reliability because individual conductor failures are frequent in EM
cables. Therefore we needed to develop a telemetry system which would 1) work
with standard commercially available CTD systems, 2) provide a bidirectional
full or half duplex command channel to control the sampler, 3) work over 10-
kilometer single conductor EM cable, and 4) support standard baud rates and
data transfer protocol.

The command/status telemetry system developed is block diagramed in
Fig. 10. The system is connected between the CTD underwater unit and its
corresponding deck unit. The operation of the CTD system is not affected by
the use of the sampler command/status communication system. This is achieved
by the use of frequency subdivision techniques of the available bandwidth on
the EM cable. 1Its response is flat with a small 2 dB peak at 3 kHz, and then
drops of rapidly after 20 kHz. For the CTD, as shown in Fig. 11, the
significant energy bands are centered on the two telemetry frequencies of 5
kHz and 10 kHz. However, there is significant energy across the entire sea
cable bandwidth radiated from the instrument. From Fig. 11 it is evident that
little bandwidth remains available to add the command status channel above the
MK-IIIB CTD Data signal. Therefore, the command/status communication uses
transmission frequencies below the lower CTD carrier frequency.

The command status telemetry system uses a Di-Bit Phase Shift Key
(DPSK) data encoding technique. The use of DPSK ailows the telemetry system
to operate with low frequency carriers of 1.2 and 2.4 kHz while achieving full
duplex 1200 baud operation. The Di-Bit phase shift representations of the
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Figure 10: Block Diagram of the Command/Status Telemetry System
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carrier signal are listed in Table 5. Each of the four relative phase shifts
represents two data bits. The carrier is phase modulated at a rate of 600
times per second resulting in a data transfer rate of 1200 bits per second.
The DPSK modulator base-band signal output is then filtered to reduce
intersymbol interference. Demodulation is the reverse of the modulation
process, with the incoming analog signal eventually decoded into Di-Bits and
converted back into a serial bit stream. The demodulator also recovers the
data clock which was encoded into the signal during modulation. The
command/status modem uses a phase locked loop coherent demodulation technique
that allows for better performance than do other types of di-bit demodulators.

The command/status modem is susceptible to interference from
signal frequencies transmitted by the CTD. Commercially available CTD systems
radiate energy outside of their FSK bands which is a result of internal
digital circuitry, DC/DC convertors, and signal switching internal to the
instrument. These noise sources must be eliminated to allow the
command/status modem to operate in an acceptable signal to noise environment.
CTD designers also intended their underwater units and deck terminals to be
connected directly together providing AC grounding appropriate to signaling
frequencies used. At lower frequencies these networks do not provide
sufficient AC grounding. Another requirement of CTD operation is that they
receive their operating power by DC current supplied on the same conductors as
the data telemetry.

UNDERWATER UNIT: The underwater unit intercepts the CTD data on the EM
cable, and removes it. The CTD signal is then processed to remove interfering
frequency components, the command/status data is added to it, and the
resultant signal is re-modulated back onto the EM cable. A block diagram of
the underwater unit is shown in Fig. 12. The system passes the EM cable
through a PI filter, which essentially acts as an AC signal short. The PI
filter also allows the command/status underwater unit to power itself via a
tap taken from the center of the PI filter consuming about 750mw. The
combined CTD and command/status output signal is amplified and driven onto the
sea cable by a Programmable Gain Amplifier (PGA).

A series resistance "Rs" in series with the PGA enables
transformer T2 to act as both a transmitter and receiver as it is driven from
a high impedance source. Winding W2 of T2 receives both the "command" signal
transmitted from the surface and also the "echo” of the CTD data and "status”
data transmitted from the underwater unit. The magnitude of the receive
signal "Vr" across winding W2 is directly proportional to the turns ratio "N"
of the transformer, series resistor "Rs", and the resistance of the sea cable
"Re”. The relationship is given by the equation:

Vr = Vi * N> * Re / ( N> Rc + Rs)

where Vi = input signal from the PGA amplifier.

In the command/status underwater unit receiver a difference circuit
enables rejection of the locally transmitted portion of the signal. To insure
that the echo suppression circuit is operating properly and that received
signals are within the linear range of the Digital Signal Processor Band Bass
Filter (DSP BPF), an Automatic Gain Control (AGC) circuit is used. The AGC
circuit detects the level of the "locally" transmitted signal as it is
reflected in the winding W2 of transformer T2, and maintains this magnitude at
a constant level. This insures that both the CTD signal and the
command/status signal are optimally echo-suppressed by the difference circuit.
Measured echo suppression was found to be consistently in excess of 30 dB for
0, 5 and 10 kilometer length cables.
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42




Table 5: Di-Bit Phase Representation

e —
DI-BIT VALUES PHASE CHANGE (DEGREE)

00 + 90

01l 0

11 270
10 180 _

DECK UNIT: The deck unit is similar in operation to the underwater unit.
A block diagram of the deck unit is shown in Fig. 13. The major difference in
the deck unit is the use of high pags filtering in the CTD signal path to
prevent the effects of the locally transmitted "command” signal from
interfering with the CTD deck terminal demodulation process. The unit also
uses an AGC loop to control the level of the locally transmitted signal. The
deck unit is configured on a IBM/PC card format which can be mounted in an
option slot of any computer. The deck card is powered from the backplane and
communicates via a DB 9-Pin serial connector at the rear of the computer.

SEA CABLE COUPLING CARDS: All telemetry signals pass thru and are
signal conditioned to some extent in the sampler modem card. Telemetry
leaving the underwater unit (via the sea cable coupling card) include both CTD
and Sampler data. The CTD's 5/10 kHz FSK data is first low pass filtered and
then analog mixed with the Sampler's 1200 Hz DPSK data. The signal ratio is
fixed at approximately 8:1 to accommodate for the large loss of the higher
frequency CTD signal in the EM cable. This composite signal is then
transformer coupled onto the EM cable by the sea cable coupling card.
Commands from the Sampler deck unit are received at the underwater unit as
2400 Hz DPSK signals. They are transformer coupled to the sampler modem card
via the sea cable coupling card. An echo cancelling scheme in which the
outbound and inbound signals is used to eliminate the bulk of the unwanted
signals at the receiver. A series of analog filters and a switch capacitor
modem filter are used to further remove any out-of-band signals that may be
present.

Sampler Control

THEORY OF OPERATION: It was not practical to control the sampler's
performance from the surface, with passive controls in the sampler. That would
have required many more conductors than
were available. Furthermore, it seemed risky to place the 5000 meter length of
electromechanical cable, its terminations, and the bottom and topside
interface electronics inside the control loop. Therefore, an embedded
controller was used so that the sampler could carry out complex tasks with
only minimal intervention from the operator's location in terms of discrete
commands. The sampler could then be programmed with "intelligence" to allow it
to make some control decisions on its own and to establish end limits to
prevent "runaway"” if communication to the surface was lost.

CPU CARD: The CPU and 2/D cards were a set of two marketed by Star
Engineering Company. The CPU card is built around an Intel 80C52AH
microcontroller preprogrammed in its ROM with ‘a BASIC interpreter. The program
embedded was the MCS BASIC-52, a reasonably sophisticated version of BASIC
with provisions for assembly language routines and a variety of powerful
programming utilities. This was coupled with CDM62256, 32k x 8 SRAM for
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temporary storage and program development, a NMC27C256 32k x 8 EPROM for
program storage, and an 82C5S5 Programable Parallel Interface chip providing
three parallel 8 bit input/output ports to control external functions or sense
conditions. These chips along with an RS232 serial communications driver chip
make up the heart of the controller system.

A/D CARD: The analog to digital (A/D) converter card contains a TSC800
15 bit plus sign, dual slope, integrating, A/D converter; a precision
reference voltage for the A/D converter; an 82C54 triple counter/timer with
reference oscillator; another 82CS55 parallel port; and some local regulators
and power switches. The basic function of this card is to digitize the analog
voltages to be measured (i.e., pressure sensor, rotary valve position sensor,
battery voltage, sea cable voltage) and interface to the microprocessor. The
additional parallel port chip extends the control capability further, and the
counter/ timer chip determines the rate of flow through the flow meter sensor
on the exhaust manifold.

AUXILIARY CARD: The auxiliary card is a catchall for the various pieces
of interfacing logic, regulators, power converters, and special circuits
needed to interface between the controller and the system operators and
sensors. A number of opto-isolators are used to isolate the battery operated
circuits and the sea cable powered circuits. The multiplexer for the A/D
converter is on this card, as are numerous power control switches (FETs) to
disable the high voltage power (and current drain) when not required. The
circuitry to prevent the altimeter SAIL echoback from disturbing the
controller is also located here. Latches hold the input signals to the stepper
motor controllers so that the processor could be doing other tasks while
steppers rotate and the directional valve and rotary valve position
themselves.

POWER SUPPLY CARD: This card, as its name implies, provides the
conversion of the power coming down the sea cable from 30vdc
to the various voltages needed by logic, operational amplifiers, the
CTD/sampler seperator circuitry, and sensors. A low frequency
filter removes the FSK communications signals from the sea cable
voltage, and a number of DC/DC converters efficiently transform the voltage to
levels usable by the circuitry.

STEPPER MOTOR DRIVERS: Two stepper motor drivers were sandwiched
between the electronics chassis and the pump controller, providing the drive
and control to the directional valve and the rotary valve. Intelligent Motion
Systems Models IB104 and IB1010 supply 4 and 10 amp currents to the stepper
windings. Bach driver has inputs from the processor to enable it, change
direction, take half-sized steps, and the step input itself, driven by a pulse
train that determines the step rate. Once the pulse train on the step input
stops, movement stops, but the current in the windings stay on. The enable
input allows the driver's output current to be turned off to save energy and
prevent overheating.

PUMP CONTROLLER: LandSea Systems built the pump controller. It is a
basic unit for driving a brushless dc motor with feedback from sensing devices
in the stator to indicate rotation and determine the time to change the phase
sequence of the applied power. A commercial chip set was the basis of the
controller, with a high-powered output stage to drive the pump motor. It
supplies up to 50 amp phase currents during start up which drops down to 10 to
15 amps at speed. Probably the biggest challenges in building the controller
were minimizing its size, removing the built-up heat from the components, and
driving the motor through relatively long wires without inducing excessive
noise in the high impedance feedback lines.
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Bngineering Module

The engineering module's function is to monitor the physical movements
of the sampler in pitch, roll, yaw, and the tension on its lowering cable. The
analog output of these sensors is digitized by the CTD and transmitted to the
gsurface along with the CTD's other data. The sensor suite consists of two
Schaevitz Model AccuStar inclinometers for pitch and roll, a KVH Model LP101l-
WH fluxgate compass for heading, and a Metrox Model TC10l1l load cell to measure
cable tension.

FLUXGATE COMPASS: The fluxgate compass was mounted on the side of the
pressure case so© that that it would be horizontal when the pressure case was
laying horizontal in the bottom of the sampler frame. It has a gimballed
sensor coil which allows accurate azimuth readings toc be made for pitch and
roll angles of up to 20 degrees.

INCLINOMETERS: The AccuStar inclinometer is a device with no moving
parts. It functions by varying its capacitance as it is tipped from vertical.
It is a ratiometric device with its output being one half the supply voltage
at vertical. It has a useful linear range from 0O to +/- 45 degrees and is
monotonic to +/- 60 degrees with a linearity of +/- 1 percent. The sampler's
scaling was set up to produce an output of +/- 0.233v / degree or a full scale
output (+/-10v) of +/~ 45 degrees.

TENSION CELL: The Metrox tension/compression cell has a full scale
range of 5000 lbs. It is actually a compression cell with a central hole
through which a bar with tension on it could hang and effectively "squeeze"
the compression cell. This cell is 4.5 inches in diameter and 1.32 inches
thick, and is suitable for use at . )0 meters depth. It has a scale factor of
2.031 mv/v full scale, amplified by a gain of 25 to give a 5.0v full scale
readout to the CTD.

ELECTRONICS CARD: The electronics card in the engineering module
contains the amplifiers and scaling networks that boost the sensor signal
levels, various local regulators and dc/dc converters, and the auxiliary
circuits needed for the fluxgate compass. Included as part of the compass
circuitry is a 2.900 khz oscillator which serves as the AC reference input to
the compass primary coil. Additional circuitry synchronously integrates the
compass output to produce a 0 to +5 VDC output signal proportional to compass
heading.

Battery Packs

The battery power pack provides power to the water sampler so that the
lowering cable handles only CTD data transmission and water sampler
communication.

DESCRIPTION: Two battery packs are used on the water sampler, each 7.5
inches in diameter and 18 inches long. They are basically both the same. The
second has an additional connector to allow the the first to be connected
through it to the controller since the controller end cap did not have enough
room for a second power connector. It seemed advisable to have only one cable
to remove to disconnect power to the unit.

Each pack is made up of two parallel strings of 24 each Gates 2.0 volt,
2.5 amp-hour, "D" size, sealed lead acid cells, making a battery assembly of
48 volts at 5.0 amp-hours. Each of the two parallel strings is diode protected
to prevent interchange of energy between strings in case one string discharges
faster than the other. The input connection for charging the pack was also
diode protected to prevent charging from the wrong polarity. Connecting both
packs together in parallel produced a capability of 10.0 amp hours.
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The peak current output from the battery occurs when the pump motor is
started and draws peaks of 40 amps for the 0.5 second it needs to get up to
speed. When running, the pump draws around 10 amps for the three to four
seconds necessary to fill the sample bag.

BATTERY CHARGING PROCEDURE: Each battery has two plugged purge holes
which, with the watertight plugs removed, allow passage of 2-3 psi air from a
pump to enter one hole and exit the other, purging the pressure case of
explosive gases generated during charging.

Charging is done from a current limited supply set at 58 vdc at no load
and limited to 2 amps charging current. As the battery pack charges, the
current tapers off until the current is about 0.02 amps at full charge. A
discharged pack should charge in three to four hours.

Rotary Valve and Puhp Assembly

DIRECTIONAL VALVE: The directional valve diverts the water exhausted by
the pump from behind the sample bag in the drawer to an area outside the
sampler. As this is water that was trapped inside the back of the drawer at
some other depth, it cannot be allowed to contaminate the samples being taken.
Therefore a directional valve switches to exhaust the water upwards as the
sampler descends, or downward as the sampler rises. This valve is powered by a
stepper motor which rotates 180 degrees from one position to the other.
Initially this motor was toggled back and forth, but it was determined it was
too easy to end up in the wrong direction. Therefore separate up and down
commands were used to make the stepper go clockwise and counterclockwise.
Limit switches indicate when the valve is in each position. Directions change
only wheh the pump is not running; water flow tends to impede proper
positioning.

The directional valve was powered by an Intelligent Motion Systems Model
HM200-3424-170A8 stepper motor, and driven by a Model IB104 stepper motor
driver, the combination producing 156 oz-in of holding torque with 4 amp phase
currents. At 1.8 degrees per step, it requires 100 steps to rotate from one
position to the other, but slightly more steps were provided. The limit
switches stop the motion.

POSITIONER: The sampler rotary valve is turned by a stepper motor
connected through a ribbed belt. Movement to the next drawer is accomplished
by stepping through the calculated number of steps. There are no restrictions
as to which drawer can be next. The processor simply calculates the number of
steps required between the two positions, always turning in the same
direction. On any given tier of drawers, the angle between adjacent drawers is
45 degrees and requires 125 steps (note that all possible positions do not
contain drawers). Each tier is offset from its neighbor by 72 degrees.
Combining the five tiers, there is a new drawer position every 9 degrees; all
the drawers could be filled by indexing 9 degrees every time a new drawer was
selected. This would minimize positioning time and conserve battery power.
However, it would result in a very awkward sequence of drawer numbers to keep
track off, and it would not give the operator complete freedom to choose any
drawer in any sequence, as is now possible. Any drawer may follow any drawer;
the processor figures out the correct number of steps to accomplish this,

The stepper motor used to rotate the valve is an Intelligent Motion
Systems Model HM-200-3450-700~A8 driven by a Model IB1010 stepper motor
driver, producing a holding torque of 470 oz-in when driven by phase currents
of 10 amps. It has a 1.8 degree step, followed by a 5:1 reduction in the
sprockets and drive belt, giving a 0.36 degree/step output to the rotary
valve. The stepping rate is a compromise between stepping slowly enough to not
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misstep when trying to accelerate from standstill and yet fast enough so that
the positioning time is not excessive.

POSITION SENSOR: The initial trials of the water sampler positioning
saystem were done "open loop" with no positional feedback. The number of steps
to rotate the central valve from the present drawer to the newly selected one
wag calculated, and the stepper motor given that number of steps to get to the
new position. The number was calculated to give the minimum number of steps
{hence the shortest positioning time) by indexing either clockwise or
counterclockwise. When this was tried, it was found there was too much
backlash in the drive belt and accurate positioning could not be accomplished.
A switch to only clockwise rotation made the situation better but not good.

It appeared that as the valve rotated the friction changed and the stepper
would not turn the same number of degrees for an equal number of steps at
various locations around the sampler. Adding or subtracting a number of steps
to the number calculated could not make a good enough compromise in
eliminating the positioning error. This indicated a need for some positional
feedback.

Time was short, and a reasonable absolute optical encoder was not
available, so a precision potentiometer with 360 degree rotation was fitted
into a small pressure case and attached to the sampler frame while the shaft
was brought out through a seal and coupled to the rotary valve shaft. The ends
of the potentiometer were connected to common and full scale voltage, and as
the valve turned, the voltage on the wiper would be proportional to its
position. The controller would then compare the voltage on the wiper to the
voltage calculated for the desired new position and determine the number of
steps necessary to bring it to that position. The stepper was then instructed
to go two thirds of the way to the target position and then to resample,
recalculate, and again go two thirds of the way. This continued until the
potentiometer indicated it was within 5 degrees of the desired position and
then it was told to go all the way, there being not much of a chance for
errors in this small amount of movement. This ecenario produced very
acceptable results, being not more than one sixteenth of an inch in error in
aligning the slot in the valve and the slot in the sample drawer. The
electrical dead spot on the potentiometer was positioned in an area where
positioning was not required (no drawer slot existed). The potentiometer was
fitted into a small pressure case and attached to the sampler frame while the
shaft was brought out through a seal and loosely coupled to the rotary valve
shaft.

Shipboard Control

CONTROLLER SOFTWARE: This includes the two communication paths going up
and down the lowering cable, the CTD data and sample commands, and also the
communication between devices hanging on the IEEE Serial Instrumentation Loop
(SAIL). Each SAIL device has its own address to which it and only it responds.
Below is a list of those devices in the water sampler system:

ADDRESS DEVICE
#FWS Water Sampler Controller
#TM Telemetry Module (Underwater Unit)
#TD Telemetry Module (Deck Unit)
#AT Altimeter
48




The water sampler controller, once addressed, awaits commands to take a
sample on a prescribed drawer. The altimeter will respond with ranges and can
also be directed to change its operating parameters, such as pulse length,
power level, blanking time, etc. (see Appendix B). Likewise, the telemetry
units may be directed to change their parameters for gain, filtering, and baud
rate.

All devices, including any device already active, wake up when sent a #
symbol as an attention character and then prepare to decode and check the next
two symbols to see if it is their address. Once a device recognizes its
address, it goes "active" and is ready to receive further commands, while the
other devices on the line immediately become inactive. Depending on the
particular device's software, the active device may complete its last command
before returning to its command interpreter where it can recognize the #
symbol. All devices also respond to a BREAK command (sending a "1" for one
second) by becoming inactive. Once activated, each device will respond with a
"CR" (carriage return - hex OD), a "LF"(line feed - hex OA), and an "ETX"(end
of transmission - hex 03) to signify it has recognized its address.

Following is a listing of commands and responses for the water sampler
controller and altimeter. Commands for the telemetry unit can seriously
influence the operation of the system and should be executed only by a
knowledgeable person. Therefore, they are not listed along with this general
operator's type information.

In addition, each device has its own unique software for performing
individual functions as specified by the commands. In the case of the water
sampler controller, it receives other inputs in the form of feedback from
various position and flow sensors which allow it to "home in" on an end point
to the control action in a "smart" fashion. To perform the function "take a 3
liter sample in drawer 7" requires the completion of several commands
interacting with the sensors. All commands are self completing and require no
further communication with the surface, nor can they be influenced by surface
control. Default limits are set which prevent "runaway" or attempts to perform
unrealistic tasks.

The implementation of the Basic command set in the controller provides
for stopping the program operation by sending an "ETX" (hex 03) character to
the controller. However, the SAIL protocol uses this character as an
acknowledgment, so addressing the altimeter would result in its responding
with "CR" "LF" "ETX", shutting off the water sampler controller. Therefore,
additional commands were written to enable and disable this function in the
controller so that it could be stopped on command by reenabling it, but so
that it would not respond to "ETX" when disabled as in normal operation.

For engineering purposes, other commands with different responses to the
surface were provided to accomplish the same commands as shown above in the
chart, while also sending a greater amount of performance data on data such as
"homing” speed and accuracy.

OPERATOR’S CONSOLE SOFTWARE: A QuickBasic program was developed for use
at the operator's console. It provided a schematic display of water sampler
status on the screen, with the addition of menus to select commands. The
operator could select menu items such as "3 liters"”, "drawer 17", "downward
cast”, "take the sample". The program would then combine the commands needed
to perform this operation in a sort of batch file, sending each subsequent
command upon receipt of a confirmation of completion of the previous command
until the task was completed. It had the "intelligence" to prevent it from
inadvertently taking another sample in a drawer already sampled (even though
the status display told the operator it had been sampled). It would also stop
the operator from taking too large a sample which might burst the storage bag
in the drawer.
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ENGINEERING TERMINAL: Early on it was realized that more operational
information was needed by engineering to measure the sampler‘'s performance.
The QuickBasic program written for the ultimate user was adequate for his use,
but did not provide enough information about how well the system was working
(to confirm adherence to J{esign goals) and, if something was not working, it
did not show what was wrong.

The Basic program depended too much on specific commands and responses
and would have been hard pressed to sort out the extra data from the
underwater unit. It was therefore decided to use a standard terminal emulator
software (Mirror or ProComm) at the surface when engineering was operating the
system. Commands had to be sent manually by the operator in the proper
sequence with no error checking for improper commands. This did provide,
however, an excellent means of collecting performance data for future review
and it allowed the user to try various modes of operation. Although the
additional tasks imposed by the special engineering commands slowed down the
controller's accomplishment of the functional tasks, it was not appreciable
enough to affect performance. As an aside, the larger amount of data sent back
did allow a better evaluation of any interference affect on the CTD data
caused by the adjacent communication channel.
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WATER SAMPLER CONTROLLER COMMANDS

l! COMMAND

I DESCRIPTION

RESPONSE
A) #Ws "CR"LF*
*SET COMMANDS"
B) SRan OK"CR"LF"ETX"
o SSn OK"CR"LF"ETX"
D) sD OK"CR"LF"ETX"
E) SH OK"CR"LF"ETX"
F) SE OK*CR"LF"ETX"
"DATA COMMANDS"
G) DS nnn,cc,g,d,0,hhhhhhhhh
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Water sampler in the open addressed state

Select Chamber Number nn with the rotary
valve. Note, Sec Error Response.

Sample n Liters of Water. Note, there is
approximately a 5 second delay from the
OK to the WS> response. Updates
chamber sample status based upon position
of rotary valve (see RC and CC
commands). Updates volume measured
value (see RV command). Note: See Error
Response.

Toggle Position of directional valve. If at
top move to bottom, if at bottom move to
top. Note: See Error Response.

Return Rotary valve to the "home"
position. Note, See Error Response.

Return directional valve to the "home”
position. Note, See Error Response.

Read Status from the sampler where:
nnn = Volume sensed by flow sensor
for last sample collected in L*100.

cc = Position of Rotary valve.

8 = Rotary Valve @ Home
0 = "No", 1 = "Yes"

d = Position of Directional Valve

*d" = T for "TOP"
*d" = B for "BOTTOM"

o = Directional Valve Home
0= "No", 1 = "Yes"

hhhhhhhhh = Read Chamber status.
Data returned as 9 hex characters when
converted to binary represent the
present status of each chamber. A "1
represents sampled, a )’ represents
empty. As an example 00007 means
that chamber O, 1, and 2 have been
filled and chamber 4-36 are empty.
Note: See Ecror Message.




II COMMAND l

RESPONSE

DESCRIPTION

H) DA
"RESET COMMANDS"
D RC
Y/N
)] RP
Y/N
"ERROR RESPONSES”
K)

—

"CR°LF*ETX"

bb.bb,ss.ss,pppp.p,
wtt"CR"LF"ETX"

(Y/N)?"CR"LF"
"CR"LF"ETX"

(YIN)?-CR-LF-

"CR"LF"ETX"

Ea"CR"LF"ETX"
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HEX 7

Binary 00000111
INER
| | | t——— Chamber 0 Full
| | Y———— Chamber 1 Full
| L————— Chamber 2 Full
l——————— Chamber3 Emt

Read A/D convertor from sampler
Where: bb.bb = Battery Voltage
ss.58 = Sea Cable Voltage
pppp-p = Pressure psia

uit.t = Tension psia

Clears chamber status table. Assumes
draws and water have been removed from
sampler. Verification via the RC command
would result in 00000 value.

Toggles power on/off to external sensors
connected to command link.

The controller responds with an error code
an, where nn is per the following table:

0 Rotary Valve Failed to "Home"

1 Directional Valve Failed to "Home"

2 Memory Failure

3 Chamber Already Sampled

4 Invalid Command Received




TESTING AND EVALUATION

Laboratory and Dockside Component Testing

Bag Material Selection

In addition to being leak-tight and mechanically strong, the water
sample containers must not allow the initial concentrations of dissolved
substances in the water sample to be significantly altered during collection
and storage. Contamination of the water samples by or through the container
walls is always present to some extent, and cannot be eliminated completely.
The processes of contamination include the removal of molecules in solution
within the water sample volume by adsorption (adhesion of the molecules to the
wall surface), absorption of molecules by the walls, or diffusion of molecules
through the walls. Conversely, molecules not present in the originally
sampled water may be introduced into the water sample by transport through or
release from the container material. Therefore, it is important to establish
the rate of contamination of candidate container materials, and then to assess
how severe the contamination may be for a particular material in this
application.

A number of materials were evaluated for possible use in constructing
sample containers or bags. Based on initial tests discussed below, the most
promising material for containers is a tri~laminate film consisting of 1.0 mil
polyester - 0.7 mil aluminum and 0.1 mil polyester. (Note, 1 mil = 0.001
inches.) There are advantages and disadvantages in using flexible bags for
sample collection versus the traditional rigid Niskin bottles.

ADVANTAGES:

‘o A bag surrounded by seawater as it is lowered or rscovered does
not have the compressibility problems of the Niskin bottle, which
may leak ambient water into the sample as it is lowered after
closing, or expel sampled water as it is recovered. The sample
bag merely acts as a separator, allowing the water inside to
comprass or expand with the ambient pressure. Therefore, samples
can be gathered reliably on the descent.

. Water can be drawn from a bag without introducing an air or gas
headspace inside. As soon as a rigid wall container, such as a
Niskin bottle, is opened for sub-sampling, gases begin exchanging
between the seawater and the headspace. The resulting changes in
dissolved gas concentrations are dependent on many factors,
including the gas exchange coefficients, the time between opening
the bottle and collection of the samples, the volume of the bottle
and volume of water withdrawn for previous samples, the distance
between the headspace and the area where samples are withdraw, the
stratification of the seawater in the bottle, the amount of ships
motion, and the gradient between the concentrations of the gases
in the seawater and the headspace phases. In contrast, when
sampling from flexible bags, the dissolved gas concentrations
inside the bag should not change during the normal sampling
processes, and the quality of the last water sample drawn should
be as good as the first.

. The inside of the bag can be cleaned thoroughly during manu-
facturing (perhaps sterilized) and sealed until collection of the
sample. Thus the inside walls are not exposed to contamination
on board ship, or while moving through the water column prior to
sampling.
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. The seawater held in a bag is not in contact with large internal
springs, O-ring seals, internal lanyards, etc. These components,
which are present in standard Niskin bottles, can cause contami-
nation problems for some chemical measurements.

L The permeable layer of tri-laminate which is exposed to the
seawater can be made very thin (e.g. 0.1 mil). Thus dissolved
gases or other material can only change with a small, fixed
quantity of permeable material. For gases in 0.1 mil polyester,
this exchange process is rapid, and the equilibrium amount of gas
present in the wall layer can be calculated. The Niskin bottle
has a 1 cm thick PVC wall which can pick up various amounts of
gases and other contaminants from the atmosphere on shipboard and
during shipping. The equilibrium time constant for gases in a 1
cm thin layer of plastic at normal temperaturz=s is of the order of
weeks to months. Therefore, during the relatively short period of
flushing in the water column during a cast, the walls do not
approach equilibrium with the dissolved gases in the surrounding
water. Following closure of the bottle, the walls will continue
to take up from or release gases to the sample. This amount is
variable and strongly dependent on the amount of time that the
sample remains in the bottle, the initial distribution of gases in
the bottle wall before closing and the diffusion coefficient for

the gas.
DISADVANTAGES:
. The bags must be manufactured under ultra-clean conditions. Also

they must be able to be stored for months in an environment where
there can there be no slow contamination via diffusion through the
walls, seams or valves before being used.

. Since it will probably not be feasible to test each bag prior to
use, rigorous quality control must be maintained during
manufacturing, or during any post-manufacturing cleaning process.

o Surface adsorption onto the inner plastic layer and aluminum layer
may be a problem for some types of measurements. Niskin bottles
are flushed with large volumes of water before closing, and active
contamination sites are filled prior to closing. An unflushed bag
may have active sites which remove significant amounts of
dissolved species such as phosphate or trace metals from the water
sample. The aluminum layer may also be reactive with some species
such as oxygen. Tests indicate that the effects of adsorption by
the inner polyester and aluminum layers are small for CFCs and
nutrients over periods of at least several hours. The results of
the tests of the bag material with dissolved phosphate are
especially encouraging, since this nutrient is typically the one
most susceptible to adsorption losses using existing sampling
methods.

o Each bag is unique and used only once. 1If bag manufacturing is
not uniform, or an individual bag is contaminated, it will not be
detected until use. A Niskin bottle is reused, and a log of
bottle history can be maintained to indicate problems or
deviations due to individual bottles.

Laboratory Bag Testing
CHEMICAL REQUIREMENTS: The WOCE requirements for the water samples in

1989 are given in Table 6. Our goal was to obtain maximum contamination
levels of samples obtained with the integrated water sampler (normal water
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sampling procedures with a four-hour cast time and one-hour wait on deck) of
less than those listed in Table 7 below, which is a 1990 update, and
consistent with or better than Table 6.

TESTS: Laboratory testing focused on the suitability of materials for
use in helium and chlorofluorocarbon (CFC) sampling. Helium has a very high
diffusion rate through many materials, and was used to serve as a check on the
maximum rate of gas transfer through container walls and seams. Adsorption
and release of trace levels of CFCs (especially Freon-11) from container walls
and seals has been a severe problem with Niskin samplers.

The transfer rates of gases through plastic films vary widely depending
on the type of gas and the composition of the film material. Based on
permeability data, calculations indicate that even for low-permeability
plastics, the rates of gas diffusion through thin-walled bags is unacceptably
high. For example, the flux of oxygen from the atmosphere into oxygen-free
water stored in a 10-liter spherical bag with a surface area of 2250 cm’
constructed of 1 mil thick Saran film can raise the dissolved oxygen
concentration by about 0.006 ml/liter/day.

A number of thin tri-laminate (polymer-aluminum-polymer) films which
have much lower permeabilities than mono-layer polymer films are commercially
available. 1In such multi-laminate films, the addition of a thin (0.5 mil)
aluminum layer can reduce the overall permeability of a film by a factor of
1000 or more.

Samples of several multi-layer films were obtained and tested for
possible bag construction.

FREON TESTING: Due to the extreme sensitivity of chlorofluoro- carbon
(CFC) or Freon measurements to even trace levels of contamination, emphasis
was placed on determining the suitability of various materials for use in
collecting seawater samples for dissolved CFC analysis. It was felt that bag
materials with contamination rates of the order of the present limit of
detection (5 x 10-15 mole/liter) would be reasonable candidates not only for
Freon samples containment, but also for the measurement of other dissolved
chemicals (gases, metal ions, nutrients).

CFCs (as well as other gases) can exchange between the permeable
material in the walls of the container and the water sample. As a result,
wall materials which initially contain high levels of CFCs can badly
contaminate a low-CFC sample. Conversely, if the walls of a sample container
are initially CFC-free, dissolved CFCs can be lost from the sample by
dissolution into the walls. In multi-laminated materials, these effects can
be reduced by choosing a thin inner layer of material with low CFC solubility.
(In commercially available tri-laminated materials, the minimum thickness of
the inner layer required to form a seam by heat sealing techniques is
typically about 0.1 mil).

Laboratory tests were performed to determine the solubilities of Freon-
1l and Freon-12 in samples of various plastic films. Samples of aluminum,
polyester, Saran, Surlyn, nylon, polyvinylchloride (PVC), and polypropylene
films of various thickness were obtained from Battelle-Columbus and tested at
WHOI for their ability to absorb or release Freon-1ll and Freon-12. At 25°C,
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Table 6: Requirements for WOCE Water Sampler

T: Deep Sea Reversing Thermometers (DSRTs) are available with 0.004-
0.005°C accuracy and 0.002°C precision for expanded scale instruments.
Reliable multiple CTD-sensors have the potential to eliminate the
standard use of DSRTs. Digital DSRTs do not require long soaking times
and can serve as a means for calibration and performance checks.

S: 0.002 PSU accuracy is possible with Autosalinometers and great care
taken to monitor Standard Sea Water. Accuracy with respect to one
particular batch of Standard Sea Water can be achieved at 0.001 PsU.
The Autosal is better than 0.001 PSU precision, but great care and
experience is needed to acheive these limits on a routine basis as
required for WOCE. Laboratories with temperature satability of 1°C are
necessary for propoer Autosal performance.

0,: accuracy <l1%. Some laboratories achieve 0.5%, which is desirable
for deep sea work and hece required for WOCE, and 0.1l% precision, with
improvements due to developements in 'new' end-point techniques.

NOy: approximately 1% accuracy and precision full scale. The standard
is probably appropriate for the WOCE Hydorgraphic Program.

PO,: approximately 1=-2% accuracy and precision full scale. It is
recommended that standards for nutrients be developed.

$i0;: accuracy approximately 3% and full-scale precision. Strong
opinion exists that laboratory temperature fluctuations cause
significant errors, because 1°C laboratory fluctuations yields
appromately 1% change in SiO;.

3H: 1% accuracy and 0.5% precision with a detection limit of 0.05
tritium unit (TU) in the Northern hemisphere, upper ocean and 0.005 TU
elsewhere.

§He: 1.5 per mille in accuracy/precision in isotopic ratio; absolute
total He of 0.5% with less stringent requirement for use as a tracer
(e.g. He plume near East Pacific Rise.)

CFCs: accuracy/precision at approximately 1%, blanks at 0.005 pM with
best techniques. Investigation of CFC collection and analysis
technology appropriate to these quality levels on 'mass production'
basis needed.

%c: 3 mille via beta-counting on 200-liter samples; 5-10 per mille with
Accelerator Mass Spectrometer.

85kr: detection limit of 1% of surface concentration; precision of 4%
decreasing to 25% for samples near the detection limit.

Mar: precision of 5% of surface value; minimum detectable amount about
5% of surface value.

228pa: 5% accuracy/precision.

5'%0: may be used in high latitudes; these should be measured with

accuracites of 0.02 per mille.

Adapted from Table II.A.4 in World Ocean Circulation Experiment, U.S.
WOCE Implementation Report Number 1, March 1989.
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Table 7: Maximum Contamination Levels Allowable on WOCE Water Samples
- ____

Dissolved Gases Oxygen -~ 0.5 uM/kg
Freon-11 and Freon-12 - 0.005 pM/kg
Helium - 8 pM/kg

Salinity 0.001 PSU => <«<1.0 cc water leakage

Nutrients Silicate -~ 0.1 uM/kg
Phosphate - 0.01 - uM/kg
Nitrate + Nitrite - 0.03 uM/kg

Isotopes Tritium - 0.001 T.U. (deep samples)
e e e —

—

Freon-1ll solubilities in these samples ranged from a factor of 90 (for
polyester) to 300 (for Surlyn) times higher than seawater. Freon-12
solubilities were typically about 50% lower than those of Freon-11 in the
materials tested.

= - Small pieces of the samples (several square cm) were
flushed with pure nitrogen for several days (a freon-free environment), then
placed in syringes with water free of CFC. Measurements of the increase in
CFC in the water were used to estimate how effective the initial nitrogen
flushing process was in removing traces of CFC from the film. After exposure
to clean nitrogen for several days, all of the above materials continued to
release trace amounts of CFCs (especially Freon-11) into the water samples.
This cleanup process is relatively fast: for the 0.1 mil polyester film at
25°C, more than 90% of the Freon-11 initially present in the film was removed
in about 3 hours. Removal rates are about 100 times faster at 80°C. When
scaled to the film-surface-area/ water~volume ratio expected for 10-liter
bags, the observed rates of release of Freon-11 from polyester material
exceeded desired blank levels in a sealed bag stored longer than about a week.

Freon Releage Tests - Small pieces of the samples of the above materials
were exposed to high levels of Freon—-1l and Freon-12 (1000 x modern clean air
concentrations), then placed in syringes with CFC-free water for various
lengths of time (minutes to days). The rates of release of Freon-1ll1l and
Freon-12 were greatest for polypropylene and least for polyester.

Adsorption Tests - The aluminum substrate in the bag could represent an
active surface for adsorption. The polyester liner between the aluminum and
sample water acts as a diffusive barrier to increase the length of time the
sample can be stored in the bag before adsorption becomes significant. Tests
with 1 mil thin polyester indicate that the diffusive time scale is in the
range of 4 to 8 hours. By going to a 2 mil thick material, we would gain as
the square of the thickness and would obtain a 16-32 hour storage time.

Abgorption Tegts - The dissolution of the water sample’'s Freon into the
initially Freon-free plastic will deplete the sample. Samples were then
flushed with pure nitrogen and placed in syringes containing water of known
dissolved Freon-1l1 and Freon-12 at moderate concentrations. No significant
amount of absorption of dissolved CFCs onto the surfaces of polyester or
aluminum could be detected for examples exposed to water for a period of 2
days. Small decreases in dissolved Freon-11 and Freon-12 concentrations were
obgserved in some water samples exposed for several days to the other films.
For a 0.1 mil polyester film on a 10-liter bag, this would lead to a
predictable loss of about 0.5% of Freon-11 and 0.25% of Freon-12 to the inner
polyester lining. These results are more favorable than the potential error
introduced by diffusive exchange of a sample with the 1 cm thick PVC walls of
a Niskin bottle.
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HELIUM TESTING: The proposed tri~laminate bag uses an aluminum diffusion
barrier sandwiched between two polyester layers (polyester was chosen as the
inner plastic material since it was least contaminating for freons). The
diffusion coefficient of helium in aluminum is immeasurably small, so the rate
of diffusion is controlled by the number of pinhole leaks in the aluminum
layer and in the seams. Aluminum foils thicker than 0.7 mil essentially have
no pinholes. The seams have a small net area, and can be made sufficiently
deep to be a good diffusion barrier. The final proposed bag material consists
of a multilayered laminate consisting of 0.49-mil polyester outer film, a
1.0-mil aluminum film, a second 0.49-mil polyester film, and a 0.2- to 0.3-mil
heat-sealable inner coating.

Tests were run on bags of a tri-laminate of 0.l1-mil polyester, 0.75-mil
aluminum, and 1.0-mil polyester, with the 0.1-mil polyester layer on the
inside. Since the aluminum is sufficiently thick, the only leakage path
should be through the seams, and the only source of error should be the
capacity of the inside seal layer to give off or take up helium. The volume
of this seal layer is 0.6 cc and the solubility of helium in the plastic is
similar to that of water, so the total error is less than 0.01%s.

Tests were made by exposing small bags of water (200 cc water with 42 cm
seam length) to varying helium atmosphere for certain periods of time. The
experiment was very sensitive due to the large seam-to-volume ratio, so the
results were scaled up to the full size 10-liter bag with 145 cm seam length,
using a typical storage time of two hours. This estimated time the water
sample will spend in the bag before subsampling includes 45 minutes to rise
from 5000 m depth at 2 m/sec rate, 30 minutes before retrieval of the sample
and another 45 minutes for sampling. The scaled results are given in Table 8
below and are the expected percent equilibrium of the sample with the
environment.

If the highest helium loss listed (0.1%+0.01%) is selected as a worst
case leakage rate, it would introduce an error of 0.05% in a deep Pacific
sample (with &°He of 50%), i.e. one third of analytical error.

Therefore, the seams, when properly formed, present an adequate
diffusion barrier to prevent significant helium leakage, but small
imperfections in the seam path may present occasional leak paths (which
probably caused the measurable contamination level observed in experiments 1
and 3 above). Therefore, even with no improvement in the seam sealing
technique, there is no real problem effecting helium measurements.

OXYGEN AND NUTRIENTS: Oxygen may be lost through diffusion through the
plastic and by oxidative loss on the aluminum substrate. These are not a
problem because the diffusive time scale through the polyester layer is too
long. Bagged seawater tests have shown that the aluminum, protected by the
plastic layer, still appears shiny after several months.

Adsorption of nutrients (phosphates and nitrates) by possible chemical
reaction with the aluminum was evaluated by W. Jenkins (WHOI) and J. Jennings
(OSU) during the 10° North Pacific Ocean Survey in April 1989. For this test,
several assorted sample containers were filled with seawater samples collected
in the mixed layer, at the nutrient maximum, silicate maximum and near the
bottom. The containers were made from a tri-laminated material consisting of
a 0.1 mil polyester inner sea layer, a 0.7 mil aluminum foil middle layer and
a 1.0 mil polyester outer layer. Three container sizes having different seam
lengths, volumes and surface areas were used as listed in Table 9. The
largest containers were made with only two seams, whereas the medium and small
containers had three seams. Characteristics of a 10-liter design container
are tabulated as well.

58




Nutrient samples were drawn from the Niskin bottles, then processed in
normal fashion using standard laboratory techniques. Duplicate nutrient
samples were drawn into normal, high density polyethylene containers at the
same time as into the tri-laminate "bags", and both types were stored under
refrigeration for 2.5 hours. No special precautions were taken with the
sample containers (bags), nor was any pretreatment used. The bags were simply
rinsed and filled directly from the Niskin bottle, the top folded over three
times and clipped. After the storage period, the samples were decanted into
the standard analysis vials and analyzed in duplicate. The analysis results
are summarized in Table 10 and are the average of duplicate analyses of water
from the same bag. Sample analyses were alternated, interspersed, and
reversed to avoid bias.

Average residual differences (tri-laminate minus polyethylene) are
listed below in Table 11 with uncertainties expressed as the 2~sigma standard
deviation of the mean.

Only phosphate shows any significant average difference, but at a level
which is small compared to normal analytical errors, and probably is
attributable to contamination introduced by handling of the sample container
prior to sampling (no particular precautions were taken). This is consistent
with the somewhat higher residuals exhibited by the small bags. To scale the
results up to the WOCE 10-liter design container, we used the geometric mean
volume/sea surface area factor of the containers, which provides a more
conservative estimate of the scale of the problem (choosing the volume to
seam~length factor results in a smaller estimate). No significant differences
waere observed for any of the nutrients, except phosphate, which showed a
barely detectable offset which is of no consequence for ocean tracer work.
The proposed tri-laminate bag material is therefore viable for the WOCE water
sampler.

Water Acquisition Subsystem Tests

For initial testing of the water acquisition system, a structural mockup
was fabricated to hold the components of the water acquisition subsystem. The
tests were configured to test the rotary valve assembly, pumping system,
sample container with inlet valve, and drawer. During the tests, the
structural mockup was lowered into to test pool to depths of 33 feet.

Initial testing showed that all of the components worked, but several of
them needed refinement to improve performance and reliability as described
below.

The original floating gasket seal in the rotary valve assembly was prone
to saeparating from its body which reduced differential pressure and caused
high drag loads. The floating gasket seal design was changed to a spring
loaded, Delrin seal shaped to fit closely to the inner surface of the fixed
tube. Tests with this design showed good results.

The positioning of the rotary valve was inconsistent. This problem was
first thought to be due to the high torque requirement the floating gasket
seal put on the rotary valve motor. When the moving seals were redesigned,
the torque requirement on the drive motor was reduced to approximately a third
of the motor capacity, yet the positioning problem still persisted. The
rotary valve is turned by a stepping motor, that is coupled to the rotary
valve with a drive belt. It is now believed that when the drive motor is de~
activated (after stepping to its next position), tension on the drive side of
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Table 8: Regults of laboratory tests to determine helium loss through seams
of tri-laminate water sample containers

o
Experiment Type of He Atmosphere Duration Scaled Effect
Number
1 9.5 fold enrichment 2 hours 0.1 + 0.01%
2 66 fold enrichment 2 hours < 0.002%
3 He-free atmosphere 5 hours 0.07 + 0.03%
4 200,000 fold enrichment 2 hours 0.014 + 0.0002%

Table 9: Physical Dimensions of Sample Containers Used for Nutrient Tests

(- e
- SMALL MEDIUM LARGE DESIGN BAG

width (cm) 3.8 8.0 14.3 ——-
Length (cm) 15.2 15.2 21.6 ——
Number of 3 3 2 ——
Seams

| volume (cc) 30 100 600 10000
Surface Area 117 243 618 2247
(cn?)
Seam Length 34 38 36 142
(cm)
V/A (cm) 0.26 0.41 0.97 4.45
v/1 (cm?) 0.88 2.63 16.7 70.4

— — ————_—
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Table 10:

Laboratory Results of Nutrient Measurements in the Pacific

e T S R
Polyethylene Containers Tri~-Laminate Containers
Sample Phosphate | Nitrate | Silicate | Cont. Phosphate Nitrate | Silicate
Depth Size
(m)
10 0.353 . M 0.35 0.9 1.3
50 0.36 1.4 L 0.36 1.0 1.4
S 0.37 1.0 1.4
800 3.28 43.9 78.3 M 3.29 44.1 78.4
S 3.31 44.1 78.5
1000 3.29 44.0 98.3 M 3.30 38.6 98.3
3000 2.77 38.6 158.1 M 2.78 35.0 157.9
5000 2.48 35.0 136.9 . L 2.52 136.8
Table 11: Errors in Sample Comparison Listed in Table 10
e ey
Analysis Actual Difference Scaled Difference
Phosphate +0.013 + 0.008 +0.001 + 0.001
Nitrate + Nitrite +0.005 + 0.06 +0.005 + 0.006

Silicate

+0.01 + 0.08

—v—

+0.001 + 0.008

Nitrite

-0.01 + 0.08
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the belt relaxes and the motor ‘loses' a few steps. 1In order to rectify this
problem, a simple belt tightening device was designed and built. This
device maintains the tension on the slack side to equal the drive side of the
belt. Even though this relieved the mis-stepping, it was decided that an
absolute positioning sensor needed to be attached to the rotary valve to
provide information on its angular location.

After initial component testing of the drawers and inlet valves of the
water container assembly, improvements to the design were made to allow easier
operation, simpler construction, and improved performance. The magnets in the
inlet valves are bonded into place, doing away with the reliability concerns
of the previous set-screw design. The valve is designed with a step such that
when the magnet is bonded flush with the valve body, the cracking pressure of
the valve is 7 psi. This design step reduces the trapped volume between the
poppet and the valve body to below the 1.5 to 4 cc found in previous static
leakage tests of the valves when subjected to ambient pressures of 9000 psi.
This design also simplified the assembly procedure of the valve.

One area of concern was whether or not the poppet seal would have any
permanent setting problems. Tests at Battelle have shown that no permanent
get problems exist with the selected neoprene seal when compressed 25% and
exposed for 6 hours to 140 °F (or for 18 hours at 125 °F), or for
approximately one month at room temperature.

Initial filling tests, show that the tails of the bags come times
blocked drawer outlet prevent the bags from filling completely. A bag
retaining plate was designed and added to the water container assembly to
prevent the bag tails from blocking the pump suction.

The poppet valves are made of steel with a coating of Scotch-coat epoxy.
Samples of these poppet valves were tested by a WHOI chemist. The tests
resulted indicated that the coating doesn't present a contamination problem.

The initial bag configuration was a near square (15" x 15") bag, but
filling tests resulted in pinholes in the aluminum layer reducing the
effectiveness of the bag material to retain dissolved gases. By testing
different bag configurations, it was found that shape and size had a major
impact on the amount of pinholes created when the bag is filled. Many bag
shapes were manufactured from the bag material candidate, filled with water,
drained, and inspected for pinholes. The optimum designs were those which
held the greatest amount of seawater with the least amount of pinholes. A
secondary design consideration was to keep the total internal surface area as
low as possible to allow the shortest possible nitrogen purge times. The
selected candidate shape is a long rectangular shape (13" x 42") which folds
back on itself in the drawer to provide four separate pockets.

Dock-side tests of water sampler at WHOI were conducted on March 9, 12,
13, and 14. During testing, it was determined that the pump motor controller
did not perform properly at cold temperatures. Apparently the electronics of
the controller do not permit adequate battery power to energize the motor when
subjected to low temperatures. Proper motor speed (e.g. 3000 Rpm) and opening
of inlet valve, in cold water, is only possible when the motor is allowed to
run for 20 to 30 seconds, thus warming up the electronic components.
Recognizing this problem, the field tests were conducted by running the motor
much longer than the typical S5-sec filling time obtained in warm (70°F) water
testa. After the shake down cruise, the motor, pump and motor controller were
returned to the LandSea, the manufacturer, in Buffalo, N.Y. Modifications
were made to the motor controller. An acceptance test was conducted
demonstrating that the motor could generate 0.5 hp (at 3600 RPM) output at the
shaft while the motor controller was at 2°C.
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Water Sampler Terminal Velocity

A series of terminal velocity measurements of the underwater unit were
made at the WHOI pier. The upper and lower fiberglass shrouds were bolted
onto the frame. A lead weight was bolted into the frame near the calculated
center of gravity to simulate the weight and buoyancy of all of the various
pressure cases, etc. A sheet metal shroud was wrapped around the cylindrical
portion of the underwater unit to simulate the surface when all of the drawers
and lower shrouds were in place. Syntactic foam blocks were bolted in place
under the top hemispherical fairing.

A low inertia wheel with small diameter Kevlar line wound on it was
mechanically linked to a precision rotary potentiometer. The output of the
potentiometer was recorded on a strip chart recorder. The Kevlar line was
attached to the apex of the underwater unit. The underwater unit was
suspended from a quick release hook over a well in the WHOI pier. When the
release hook is tripped, the Kevlar line causes the wheel to spin and the
potentiometer records line out as a function of time (terminal velocity).

The free fall of the sampler was arrested short of impact with the
bottom (at 60 feet) by 50 feet of nylon line and a float. The float stops the
underwater unit, and the nylon line is then used to haul it all back to the
surface. This test was repeated four times, and the resulting terminal
velocities were averaged. The freefall terminal velocity of the underwater
unit as tested was 2.5 m/sec or 152 m/min.

Test and Evaluation Cruises

Shakedown Cruise

In preparation for the evaluation cruise, a shakedown cruise was
conducted. The R/V Oceanus departed Woods Hole at 0830 on March 15, 1990,
with a scientific party of 11, including 8 project personnel from WHOI, 2
project personnel from Battelle, and an additional WHOI scientist conducting
ancillary tests. The cruise track extended from Woods Hole, southward across
the continental shelf, and into water depths of approximately 2400 m. the
majority of the testing was conducted offshore of the continental shelf,
between 1900 h on March 15 through 1300 h on March 16. The weather was
extremely cooperative, with seas less than 3 ft and idle winds. The R/V
Oceanus returned to port at 2030 on March 16.

The water sampler was deployed a total of 4 times. Two shallow
deployments were made on the continental shelf, and two profiles to roughly
2100 m were made on the slope (see tables of Cast 1 and 2 in Appendix C for
data on these profiles). Winch speeds were varied over the range from 0.5 to
2.0 m/sec. No problems were encountered with the Markey winch on the vessel.
(Note, that over the 2000 m profiles, the maximum attainable descent and
ascent speeds with the winch were roughly 130 and 105 m/min, respectively.)

Below we provide a list of the significant results of the shake down
cruise testing:

HANDLING SYSTEM: The temporary handling apparatus proved to be adequate
for safe launch and recovery of the sampler; the unit was launched and
recovered four times without damage to equipment or personnel. We expect that
safe handling can be accomplished in moderate seas with this equipment.
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WINCH, WIRE, AND TERMINATION: The Markey DESH-5 winch had no difficulty
with the underwater unit in the water, in air without samples, or in air full
of water.

No problems (kinks) were encountered with the 0.322-in conductor wire
due to the use of the water sampler.

The specialized termination exhibited no problems or wire extrusion. An
at-sea retermination was accomplished in less than two hours. (The
retermination was necessary because of a kink in the wire caused by the sheave
on the ship's hoisting arm.)

UNDERWATER UNIT: When the underwater unit is lowered into the water it
does not float; in fact, it maintains a vertical orientation regardless of
lowering rate. Thus, the unit is well ballasted and entrapped air does not
cause instability or slack wire when the unit is emersed without prefilling.

It takes roughly 30 sec for the majority of the air to vent from the
underwater unit as it enters the water, but this does not affect stability. A
rapid lower to 10 m was made to determine whether the inlet valves would open
due to reduced pressure in the drawers caused by air still trapped within the
venting drawers. None of the six drawers with evacuated sample bags collected
water during this test.

Tilt and spin sensors within the underwater unit indicated that the unit
tilted on average less than 5 degrees during lowerings at 1.5 m/sec and less
than 10 degrees at lowering speeds of 2.0 m/sec; observed tilt was less than 5
degrees during upcasts. Spin was minimal throughout the tests, typically less
than 10 turns per deep cast.

The wire-tension indicator on the Markey winch revealed tensions that
were consistent with empirical predictions. The tension cell within the
underwater unit appeared to be malfunctioning during the casts.

WATER ACQUISITION SYSTEM: The rotary valve successfully accessed all 36
sample drawers during each of the two deep casts without a single positioning
error. The location of the rotary valve was confirmed for each sample drawer.
By intentionally not filling some of the drawers, it could be determined that
the rotary valve was not accessing multiple drawers during sample collection.

Full 7 L samples were collected while the underwater unit was (1) held
at a constant depth, and (2) descending and ascending at speeds up to 1.5
m/sec.

Full 7 L samples were collected at a variety of depths between the
surface and 2000 m. Also, empty samples containers were cycled over an entire
2000 m cast with no entry of water through the inlet valve, expect for one
"freak" container (or bag).

Some containers were intentionally only partially filled by limiting the
pumping duration. Because these containers did not fill completely, it
appears that the dynamic pressure differential created during ascent/descent
was insufficient to keep the inlet valve open when the pump was turned off.

The flowmeter readings did not give an indication of a successful sample
bag filling operation.

The exhaust valve position shifted to its appropriate setting.
CTD SYSTEM: A WHOI-owned EG&G/NBIS Mark III-B CTD was used for the

tests. This unit was modified to accept data from a tension cell, a compass
(spin detector), and a 2 axis tilt sensor, all of which were mounted in the
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underwater unit (see Engineering Module section above). Preliminary
indications were that the quality of the CTD data was not degraded by the
altimeter nor activation of the water sampler control unit.

COMMUNICATION SYSTEM: The communication system for the water sampler
worked well with few, if any, errors in the two-way communication. Activation
of the rotary valve, monitoring of the batteries, interfacing with the CTD
data stream, and communication with the altimeter were all operable.

POWER SYSTEM: The 48-volt battery pack within the underwater unit was
fully capable of driving the water sampler components. In fact, each of the
two 2000 m profiles was equivalent in pumping time (and battery usage) to
three profiles (3 times 36 samples collected with 5 sec pumping times). A
separate battery pack was used for the second profile. Also, the battery
packs were recharged aboard the vessel.

No grounding problems were encountered. Handling personnel experienced
no elactrical shocks during deployment and recovery operations.

ALTIMETER: The altimeter was temporarily mounted on the outside of the
underwater unit for this test. The communication interface to the altimeter
was operational for changing the ping interval of the altimeter and obtaining
height-off~-the-bottom data. However, the height information was not reliable
and the control of the altimeter output power apparently was not working. The
unit was returned to the manufacturer for repair and checkout.

The graphic recorder on the R/V Oceanus was used to record the received
acoustic signals from the altimeter (independent from the direct interface
through the water sampler control unit). Good bottom-return signals were
received regardless of the depth of the underwater unit (l-way travel distance
of roughly 2400 m). The direct signal from the unit to the vessel was weak
due to the downward looking orientation of the altimeter's transducer. These
results indicated that the altimeter's acoustic output is strong but the
acoustic pulse detecting circuit with the altimeter has problems.

PREPARATION OF WATER ACQUISITION SYSTEM: A single person was able to
install the 36 drawers into the water sampler in less than 1/2 hour. (This
was done twice by two different "semi-skilled" persons.)

Evaluation Cruise, Leg 1 - Woods Hole to Bermuda

The purpose of the evaluation cruises was to conduct at-sea tests to
demonstrate that the prototype water sampler performed as expected and met
design specifications.

The purpose of Leg 1 was to conduct engineering and hydrographic tests
of the Water Sampler.

PARTICIPANTS ON LEG 1 OF EVALUATION CRUISE:

Indjividual Affiliation Responsgibility
1 H. Berteaux WHOI Chief Scientist
2 R. Millard WHOI Scientific Coordinator
3 J. Kemp WHOI Water Sampler Deployment
4 A. Fougere WHOI Control Electronics - Sr. EE
S C. Eck WHOI Control Electronics - EE
6 S. Smith WHOI Control Electronics - EE
7 P. O'Malley WHOI Water Sampler Deployment
8 G. Bond WHOI CTD Operation
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8 C. McMurray WHOI CTD Data Acquisition

10 G. Knapp WHOI Salinity Analyses

11 P. Bouchard WHOI Research Assistant

12 C. Albro Battelle Water Sampler Compon. -~ Sr. OE
13 A. Shultz Battelle Water Sampler Compon. - ME

14 K. Schleiffer Battelle Water Sampler Compon. - ME

15 R. Williams Scripps Physical Oceanographer

SEQUENCE OF EVENTS:
Monday 0800 EST April 16. Depart Woods Hole, Massachusetts

Six previously used sample bags were installed into the underwater unit
and a shallow depth opening test (cast A) was conducted. All six bags
contained water indicating that they opened (All cast data are listed in
Appendix C), but they were not full. Looking at the bags within the drawer,
it looked like the overlay of the foclded bags may have prevented full bags.

Tuesday April 17

Thirty new sample bags were assembled (the assembly procedures are
discussed above in the Sea Water Acquisition Subsystem section) and installed
in the underwater unit with the six used sample bags from cast A. During Cast
B, station 0C29D002, the underwater unit was lowered to 3600 m at speeds up to
60 m/min. The results are summarized in Table 12 below. Of 16 sample bags
pumped, only 3 were full, 7 were partially full, and the other 5 were empty.
Of the 20 unpumped bags and the 5 "empty" bags, the leakage into the bags
ranged from -1 cc to 85 cc. The two bags with 1 cc leakage exhibited a ridge
of bag material around the poppet. During the cast, the altimeter
successfully acquired and tracked the distance at the bottom. A comparison of
altimeter and CTD depths from pressure is given in Table 13.

During Cast B, the end cap separated from the rotary valve preventing
the controller from knowing where it was. Before the next cast it was
repaired and checked out.

Fig. 14 shows unedited, processed, summary plots for Cast B - Station
0C29D002. A fresh water layer with a salinity maximum and maximum
temperatures seen at about 120 m depth. Temperature and salinity decrease to
the maximum depth of 3715 m. The dissolved Oxygen profile shows a minimum atc
300 m. The number of points averaged that were averaged together in the 2 m
values plotted. The slower lowering rate in the upper 300 m and lower 200
meters is evident as greater number of samples averaged. A blowup of the 200
meter section from 2000 to 2200 meters, Fig. 15, shows that the structure of
the sigma theta (Potential Density) profile can be related to the number of
points being averaged, or the lowering rate. Minimums in the sigma theta are
correlated with minimums in numbers of points averaged (high fall rate). The
structure in the sigma-theta profile comes from the salinity record and is not
evident in the temperature profile. The variations in the number of points
are directly related to the wave activity and the roll of the ship being
transferred down the wire to the underwater unit, and affecting the results.
Note that there are two data drop-outs where data was not obtained and the
number of points averaged drops to zero. The first was just above 2500 m
depth and the second near the bottom of the profile.

HWednegday April 18

Twenty-four new sample bags were assembled and installed into the
underwater unit. Eight of the sample bags were attached to the inlet valve
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body with double sided tape covering all of the valve body. The other 16 bags
were attached with a 3.6" diameter double sided tape. These two methods of
attachments were tried in an attempt to reduce the leakage problem.

Conducted Cast C was made to 4200 m with winch speeds up to 60 m/min.
Of 18 sample bags pumped, 9 were full, 3 partially full, and the other 6 were
empty. Of the 6 unpumped bags, the leakage into the bags ranged from 2 to
31 cc. 1In general, the full taping did better. During the cast, the
altimeter successfully acquired and tracked the distance at the bottom.

Cast D was made to 4500 m depth with 18 new sample bags. Only 5 of the
18 pumped bags had any water (maximum collected was 1.5 L).

Thursday April 19
Conducted Cast D1 to 10 m with 6 sample bags. All 6 bags were full.

Conducted Cast D2 to SO0 m with 6 sample bags. Five of the sample bags
were full.

Conducted Cast D3 to 1200 m with 7 sample bags. Six of the sample bags
were full.

To increase the pumping differential pressure, the top of each drawer
was taped and a skirt was added around the rotary valve pump inlet.

Conducted Cast D4 to 3000 m with 13 sample bags. All the sample bags

were pumped with one bag being full, 7 partially full, and the other 5 were
empty. :

Thirty six new sample bags were assembled and installed into the
underwater unit. A 1/8" rubber gasket was added to the back of 5 drawers to
help increase differential pressure.

Conducted Cast E to 4000 meters. All the sample bags were pumped.
Seventeen of 22 bags sampled at 1200 m or less were full. Only 2 of 14 bags
sampled at greater than 1200 m was full.

Exiday April 20

Conducted Cast F to 1200 m with 18 new sample bags. This cast was
designed to evaluate the effect that water temperature over time had on the
filling of sample bags. At the start of the cast, two sample bags were pumped
for 5 seconds. Both were filled with more than 5 L of water. At 1200 m,
eight pairs of sample bags were pumped (one for 5 s and other for 10 s) with
the first pair pumped 90 minutes before the last pair. Generally, the 5 second

samples collected less water, but pump failures occurred after 30 minutes at
6°C.

Conducted Cast G to 4000 m with 36 new sample bags. All thirty six
sample bags were pumped for 10 s. Eighteen bags had greater than 5 L, 9 were
partially filled, 9 failed to fill. Eight of the failed bags were cut open
and leakage volume was measured. Amounts varied from 1 cc to 150 cc.

Saturday April 21
Conducted Cast H to 5 m with 12 new sample bags. For this cast, the
underwater unit was lowered through the air sea interface rapidly to test for

leakage caused by wave slap. During the launching process, the underwater
unit was pushed nearly horizontal by a passing wave. The water leakage was
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Table 12: Cruise 219 NSF Water Sampler Cast Log, Cast B

Cruise 219 NSF Water Sampler Cast
Cast:|B | | Date:|  17-Apr-90 Time in:| 8:40
Battery Set Used:|A
| |Timein|Pumping Time  [Cast  JUWU [Water |Battery [Flow  [Volume |[Volume
Drawer {Inlet Vaive {Water [Drawer |Cumulative [Speed | Depth {Temp. | Voitage [Resding [Collected |Leaked
Position |Body |[Pop.| (min)] (sec) (sec){(m/min)] (db)] (*CY (vdc) (L) (ml)|Remarks
1 3f 3 2 8 8 0| 10f 7.6] 49.6 825 3.5 (1]
2{ 33] 33 8 0 16]{1]
3 35| 35 4 8 16 0 10| 7.6f 49.4 476 1.8 {1], leaky valve]
4i 27{ 27 6 8 24 -0 10f 7.6/ 49.3 988 7.0 <
5[37A[37A 7 8 32 O 10{ 7.6] 49.2 314 6.0 (1]
6| 16} 16 8 16 48 0f 10f 7.6] 49.4 7.4 ran pump twice
7 15] 15 21 8 56 -60| 225| 10.4 223 1.8 (1]
8| 39 39 21 8 64 -60] 241} 10.1 416 0.0 5
9| 28| 28 22 8 72 -60| 267 9.5 178 6.5 1]
10 5{ § 22 8 30 -60] 255| 9.3 111 2.5 OLD BAG
11 23{ 23 22 8 88 -60] 295{ 9.0 156 0.0 25|11}
12 2] 2 23 8 96 -60! 309{ 8.5 0.0 40i(1]
13f 171 17 23 8 104 -60| 326/ 8.2] 494 129 0.0 251|111
14 20; 20 104 -60 80{{1]
1s| 1711 1 33 8 112| -60| s00| 4.6| 49.3] 258 3.0 i
16{ 13| 13 47 8 120 -60) 1600 3.8) 49.0 252 3.4 1}
17 29§ 29 62 8 128 -60{ 2400| 3.1} 48.8 195 4.5 f1]
18] 18] 18 128 -60 70
191 191 19 85 8 136 -30| 3600 2.2| 48.5 142 0.0 1{[1],{2]
20{ 32} 32 40
21| 40| 40 85|(1]
22| 37| 37 9|1
23! 301 30 1{[1],12]
24| 4] 4 221(1]
25 21| 21 8|OLD BAG
26] 22} 22 35
27| 36] 36 10{OLD BAG
28] 25| 25 26
29( 10{ 10 15
30 1 1 21]OLD BAG
31| 26] 26 20{OLD BAG
321 34| 34 35/0LD BAG
33| 38 338 11
34| 9| 9 1j12)
35 8| 8 